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ABSTRACT 

Solar  cells iiiade from si!icon i n  which die major dopan t  i s  l i th ium exhib i t  a mariiediy in- 
c r e a s e d  rad ia t ion  r e s i s t a n c e  in two forms: The  f i r s t  is a recovery  of the  s o l a r  cell in a m a t t e r  of 
hours ,  a f t e r  t he  c e s s a t i o n  of the  e l ec t ron  irradiation. T h e  s e c o n d  is a much s l o w e r  degrada t ion  
r a t e  when the  i r rad ia t ion  flux ra:e is suf f ic ien t ly  low. In both cases, t h e  l i thium-containing cells 
s h o w  a performance supe r io r  to the  currently u s e d  n /p  cells. T h i s  rad ia t ion- res i s tan t  behav io r  
ho lds  t rue  for pa rame te r s  s u c h  as  P,,,, I , , ,  minority ca r r i e r  d i f fus ion  length  L, and  s p e c t r a l  
r e s p o n s e ,  and  for both 1-MeV e l e c t r o n  a n d  16.8-MeV proton i r rad ia t ions .  T h e  recovery  r a t e  a f t e r  
a 1-MeV e lec t ron  i r rad ia t ion  h a s  a time c o n s t a n t  of approximate ly  1 hour,  and the  r a t io  of its v a l u e s  
at 30°C a n d  0°C is the  s a m e  as the i n v e r s e  of the  l i thium diffusion coef f ic ien t .  Our  (preliminary) 
s p e c u l a t i o n  is tha t  t h e  l ack  of damage i n  the r ecove red  s o l a r  cell is d u e  to the  p re fe ren t i a l  forma- 
t ion of a new damage  c e n t e r  (over,  for example,  t h e  A- a n d  E-center )  d u e  to l i thium migra t ion ,  a n d  
t h e  fact t h a t  t h e s e  new c e n t e r s  (L-cen te r s ,  see be low)  d o  not degrade  t h e  lifetime apprec iab ly .  

E lec t ron  pa ramagne t i c  r e s o n a n c e  s t u d i e s  h a v e  been  made  of the  in te rac t ion  be tween 
l i th ium and  e lec t ron- i r rad ia t ion  defects i n  n- and  p-type s i l i c o n ,  a n d  in s i l i con  in  wh ich  l i thium 
is t h e  predominant  impurity. In n-type s i l icon ,  t h e  p r e s e n c e  of l i thium d e c r e a s e s  the  A-center  E P R  
abso rp t ion  and ,  conve r se ly ,  the  p r e s e n c e  of A-centers  d e c r e a s e s  the l i thium E P R  absorp t ion .  I t  
h a s  been  shown  t h a t  t h i s  in te rac t ion  is n o t  merely a donor  e l ec t ron  t ransfer  from l i th ium to A- 
cen te r  but, rather,  a more d i r e c t  a tomic  in te rac t ion .  In p-type s i l i c o n ,  t he  p r e s e n c e  of l i th ium does 
no t  s ign i f i can t ly  affect the  E P R  absorp t ion  d u e  to the  K-center,  the dominant  (paramagnet ic )  
damage  c e n t e r  found in p-type material .  

In s i l i c o n  in which  l i thium i s  the predominant impurity,  l i thium-defect i n t e rac t ions  h a v e  
been obse rved  d i rec t ly .  A n e w  paramagnet ic  c e n t e r  is obse rved ,  bu t  o n l y  when both l i th ium and  
damage  c e n t e r s  a r e  present .  T h i s  n e w  center,  c a l l e d  the  L-center ,  h a s  no d i sce rn ib l e  a n g u l a r  
dependence  and  h a s  a g-va lueof  1.9996 + 0.0005 at 27OK. I t  h a s  a n  appa ren t  in t roduct ion  r a t e  of 

abou t  0.3 to 0.5 cm- l  a n d  invo lves  ne i the r  phosphorus  nor oxygen. I t  a p p e a r s  to b e  a s h a l l o w  
l eve l  ( ~ 0 . 0 3  to 0.05 e V  be low the  conduction band),  which  would s u g g e s t  that  i t  is not a n  effec- 
t ive  recombination l e v e l  for minority car r ie rs ,  namely  ho le s .  

We h a v e  s t u d i e d  the paramagnet ic  proper t ies  a n d  growth of the  K-center,  t h e  dominan t  
d e f e c t  in t roduced  in to  p-type s i l i con  by e lec t ron  i r rad ia t ion ,  as  func t ions  of r e s i s t i v i ty ,  impurity 
dopan t s ,  and  i l lumina t ion .  T h e  d e f e c t  h a s  a sp in  of 1 / 2  a n d  h a s  g-va lues  of 2.0000, 2.0066, and  
2.0056 in  which  the  pr inc ipa l  magnet ic  a x e s  lie a long  the  <221>, <liOo>, and  < l l &  c rys t a l lo -  
graphic  d i r ec t ions ,  r e spec t ive ly .  No hyperfine i n t e r a c t i o n s  a r e  observed .  T h e  in t roduct ion  r a t e s  
for t he  K-center  a r e  0.006, 0.025, 0.073, and  0.11 c m - l  at bombardment e n e r g i e s  of 0.7, 1, 3, a n d  
6.6 MeV, respec t ive ly .  T h e  K-center is independent  of  the  p-type dopant.  I t  is not  a primary 
defect, but  r equ i r e s  oxygen. We h a v e  a s s o c i a t e d  the  K-center  wi th  a previous ly  repor ted  O.3-eV 
defect l e v e l  b e c a u s e  both require oxygen, both h a v e  a b o u t  the  same in t roduc t ion  r a t e s  a n d  bom- 
bardment energy  dependence ,  and  the va lue  of t h e  Fe rmi  l e v e l  at which  the K-center  E P R  absorp-  
tion d e c r e a s e s  sha rp ly  is abou t  0.3 eV. Pre l iminary  measu remen t s  h a v e  ind ica t ed  a r eve r se -  
annea l ing  at abou t  2 5 0 ° c ,  fo l lowed by  normal annea l ing  of t h e  damage  to very low l e v e l s  by 
about  450°C. A p h y s i c a l  model for t h e  K-center is of fered  in te rms  of a complex  of two v a c a n c i e s  
and  two oxygen a toms  which  h a v e  t rapped  a hole. 

E! . . .  
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1. ELECTRICAL AND EPR STUDIES OF THE K-CENTER IN p-TYPE SILICON 

A. SUMMARY OF EXPERIMENTAL RESULTS 

T h e  s t u d i e s  of the  E P R  and  e l ec t r i ca l  properties,  of t h e  K-center  h a v e  been  completed.  
We h a v e  found tha t  t he  K-center is t h e  predominant paramagnet ic  defect in t roduced  in to  p-type 
s i l i c o n  by e l ec t ron  bombardment at ene rg ie s  ranging from 0.7 to 6.6 MeV. I t s  n e t  e l ec t ron  s p i n  is 
1/2. I t s  g -va lues  a re  2.0000, 2.0066, and  2.0056 for the  <221>, <lTO>, and  <11& d i r ec t ions ,  
r e spec t ive ly .  T h e  K-center is n o t  a primary d e f e c t  bu t  requi res  oxygen ,  s u g g e s t i n g  tha t  a tomic  
motion of e i t h e r  ( in t e r s t i t i a l )  s i l i con  and/or  oxygen  may be involved. From E P R  measuremen t s ,  
we  c o u l d  n o t  de te rmine  the  bonding arrangement and  the  phys ica l  s t r u c t u r e  of t h e  defect b e c a u s e  
of t h e  l a c k  of hyper f ine  s t ruc tu re  in the  spectrum. 

T h e  formation of t h e  K-center  is independent  of the  p-type dopant .  I t s  in t roduct ion  r a t e s  
at 0.7, 1, 3, and  6.6 MeV are ,  r e spec t ive ly ,  0.006, 0.025, 0.073, a n d  0.11 c m - l .  At  high f luxes ,  
depend ing  i n  pa r t  on bombardment energy and in par t  on t h e  s t a r t i n g  r e s i s t i v i ty ,  t h e  E P R  measured  
K-center  concent ra t ion  d e c r e a s e s .  However,  s u b s e q u e n t  i l lumina t ion  exper imen ts a n d  annea l ing  
expe r imen t s  s h o w  tha t  t h e  defects a r e  still p re sen t ,  bu t  of d i f fe ren t  e l e c t r o n i c  c h a r g e  state be- 
c a u s e  they  h a v e  t rapped  a n  e lec t ron .  

T h i s  d e c r e a s e  in the  K-center  concent ra t ion  with flux h a s  been  shown  to be dependen t  on 
the  F e r m i  l e v e l  pos i t ion  from s p i n  r e sonance  a n d  r e s i s t i v i ty  measu remen t s .  From t h e s e  inves t i -  
g a t i o n s ,  t h e  K-center,  which  acts as a h o l e  trap,  is ident i f ied  with the  0.3-eV defect l eve l .  T h i s  
is b a s e d  on the  following of ou r  measurements :  Both h a v e  the  s a m e  in t roduct ion  r a t e  and  energy  
d e p e n d e n c e  for the i r  formation, and  both  require oxygen. Hal l  measu remen t s  show the  p r e s e n c e  
of t h e  0.3-eV defect l e v e l  on ly  when the  K-center E P R  spec t rum is  obse rved .  F i n a l l y ,  t he  K-center 
E P R  absorp t ion  d e c r e a s e s  sha rp ly  as  t h e  Fermi l eve l ,  moving away from t h e  v a l e n c e  band,  p a s s e s  
through a va lue  of abou t  0.3 eV. 

T h e  ident i f ica t ion  of the K-center with t h e  0-3-eV l e v e l  is suppor t ed  by t h e  r e s u l t s  of 
photoconduct iv i ty  i n v e s t i g a t i o n s  of Vavilov et al.,’ and  by t h e  op t i ca l  absorp t ion  s t u d i e s  of F a n  
and  Ramdas .2  T h e y  also f ind  tha t  in  o rde r  to detect the  4-p band (0.3 eV)  in p-type s i l i c o n  the  
Fe rmi  l e v e l  m u s t  lie below it. Fur thermore ,  t h e  hea t - t rea tment  s t u d i e s  of t h e  4-p band  by F a n  and  
R a m d a s  a r e  in  agreement  with our  r e su l t s .  T h a t  is, on s a m p l e s  for which  E, a f t e r  bombardment 
is g r e a t e r  than 0.3 eV,  the K-center and  4 - p  band  are  no t  de t ec t ed ,  and  a f t e r  h e a t  t rea tment  they 
a r e  obse rved .  

T h e  fact tha t  oxygen is required for t h e  formation of t h e  K-center  ( t h e  0.3-eV l e v e l )  
s u g g e s t s  tha t  i t  is not  a primary de fec t  c r ea t ed  by the  bombardment. Motion of primary defects at 
high tempera ture  h a s  been  e s t a b l i s h e d  by W a t k i n ~ . ~  T h e  K-center is probably  t h e  r e s u l t  of t h e  
migration of o n e  of t h e s e  defects a n d  t h e  subsequen t  i n t e rac t ion ,  when i t  is su f f i c i en t ly  close, 
with oxygen,  e i t h e r  in an  in t e rmed ia t e  o r  final s t e p  of the p r o c e s s ,  which  p r o d u c e s  the  K-center.  
I t  a p p e a r s  l i ke ly  tha t ,  of t h e  s e v e r a l  primary defects c r e a t e d  in  s i l i c o n ,  t he  isolated lattice 
vacancy ,  which  is less s t a b l e  than t h e  d ivacancy  (but  h a s  a h igher  in t roduct ion  ra te ) ,  is involved  
in t h e  formation of t h e  K-center. In t h i s  connec t ion ,  Vavi lov  et al.’ h a v e  demons t r a t ed  tha t  the  
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0.3-eV de fec t  l e v e l  in p-type s i l i c o n  is no t  immediately formed by e l ec t ron  irradiation. In the i r  
photoconduct iv i ty  exper iments ,  s a m p l e s  were  i r rad ia ted  and  m e a s u r e d  at 10O0K. T h e y  o b s e r v e  
tha t  on ly  a f te r  t he  temperature h a s  been  r a i s e d  to = 300°K fo r  16 hours  does a O.3-eV photocon- 
duc t ive  band  appear.  T h e s e  au tho r s  a l s o  associate t h e  0.3-eV l e v e l  wi th  oxygen.’  

6. MODEL OF THE K-CENTER 

T h e  exper imenta l  details of t h e  work d e s c r i b e d  a b o v e  h a v e  been  t r ea t ed  in d e t a i l  i n  t he  
Semiannual Repor t  da t ed  J u l y  7, 1965.* We h a v e  r ecen t ly  conc luded  s o m e  theo re t i ca l  s p e c u l a t i o n s  
and now p ropose  and d i s c u s s  briefly a p h y s i c a l  model of  the  K-center. T h i s  model  m u s t  be con- 
s i s t e n t  with o u r  experimental  data; s p e c i f i c a l l y ,  we  mus t  h a v e  ( a )  t he  symmetry of the  g-tensor,  
(b) t h e  n e c e s s i t y  of oxygen for its c rea t ion ,  ( c )  t h e  f a i lu re  to o b s e r v e  hype r f ine  s t ruc tu re ,  and  
(d) t h e  n e c e s s i t y  for trapping a h o l e  at t h e  K-center  i n  order  to d e t e c t  i t  i n  s p i n  r e s o n a n c e  mea- 
s u  remen ts. 

I t  shou ld  be noted  tha t  even  when the  model confo rms  wi th  t h e  above-ment ioned  require- 
ments ,  i t  will  n o t  necessa r i ly  be unique  b e c a u s e  the  information currently a v a i l a b l e  is n o t  
su f f i c i en t  to de te rmine  the  s t ruc tu re  of the  de fec t .  

To h e l p  p ic ture  the  model w e  show f i r s t  t h e  bonding  ar rangement  of a group of s i l i c o n  
a toms in  the  c r y s t a l ,  Fig. 1. T h e  four bonds  of a s i l i c o n  atom lie in  p a i r s  i n  pe rpend icu la r  (110) 

A - B  = 2.35 i 
A - C  = 3.83 11 
A - D  = 5.9 A 

SL - 0 = l . 8 5  i 
0-0 ~ 1 . 3 2  

43 i 

Fig. 1. 

Silicon unit cell. 

*Contract No. NAS 5-9131. 
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p lanes .  ( T h i s  is probably the  r eason  why all paramagnet ic  d e f e c t s  in  s i l i c o n  h a v e  one  of the i r  
p r inc ipa l  g -axes  a long  a [110] diiection.)  The  numbers  at the  top  of the  f igure  re fer  to the  tetra- 
hed ra l  bond d i s t a n c e s  be tween the  given atoms. When oxygen is p r e s e n t  i t  is normally in t e r s t i t i a l ,  
forming a non l inea r  bond be tween two  ad jacen t  s i l i c o n  a t0ms. l  Inf ra red  s t u d i e s  of c r y s t a l s  hea t -  
t r ea t ed  at 35OoC h a v e  shown tha t  oxygen  tends  to c lus t e r ,  forming SiO, c o m p l e x e s  in  concent ra -  
t i ons  of the order  of 1017/cm3 (Ref.  4). On th is  b a s i s  we  h a v e  a s s u m e d  tha t  p a i r s  of oxygen abou t  
two lattice d i s t a n c e s  apa r t  a r e  p r e s e n t  wi th  comparable  d e n s i t i e s  in quartz-crucible-grown s i l i con  
wi thout  h e a t  treatment.  Spec i f i ca l ly ,  we  cons ide r  t ha t  o n e  of t h e  oxygen a toms  s h a r e s  its bonds  
with t h e  s i l i c o n  a toms A a n d  B whi l e  t he  other s h a r e s  wi th  a t o m s  C and  D. T h e  K-center is then 
formed when two v a c a n c i e s  a r e  t rapped  by t h e s e  oxygen atoms.3 T h i s  r e s u l t s  i n  the  s t ruc tu re  
shown  i n  F ig .  2. We c a n  v i s u a l i z e  t h e  cons t ruc t ion  of the  defect as follows: In i t i a l ly ,  a n  A-center 
is formed when o n e  vacancy  is t rapped  ( s a y  at atom C )  by o n e  of t h e  oxygen atoms. Cap tu re  of a 
s e c o n d  vacancy  ( a t  atom B) does n o t  form two s e p a r a t e  A-centers  bu t  r a the r  t h e  K-center,  b e c a u s e  
t h e  oxygen a t o m s  a r e  s h a r i n g  a common bond. 

0 

A - B  = 2.35 A 
A - C  * 3.83 
A - D =  5.9 i 

0 

Si  - 0  = 1.85 A 
0-04.32 A 

Fig. 2. Suggested model for the K-Center. 

T h e  state shown  in F ig .  2 is overa l l  neut ra l .  T h e  s y s t e m  is unde r  s t r a i n  b e c a u s e  t h e  
combined  te t rahedra l  bond d i s t a n c e s  of Si-0 and  0-0 a r e  s m a l l e r  by 1 
a toms  A a n d  D. T h e  s t r a in  c a n  b e  r e l i eved  if a h o l e  is t rapped  at t h e  0-0 bond. A l o o s e l y  bound 
unpa i r ed  e l ec t ron  in  t h i s  bond would then  be r e spons ib l e  for t h e  o b s e r v e d  s p i n  r e sonance  s igna l .  

than  t h e  d i s t a n c e  be tween 

T h i s  model satisfies our  exper imenta l  r e su l t s .  F i r s t ,  t h e  ax ia l ly  symmetr ic  a x i s  of t h e  
K-center  is the  <221>, which  is e x p e c t e d  to lie a long  the  bond ax is .5  T h e  model in  F ig .  2 
s h o w s  tha t  t h e  0-0 a x i s  is in t h i s  direction. Second ,  t he  requi rement  of oxygen is met. Thi rd ,  
t he  l a c k  of hyper f ine  s t ruc tu re  is accoun ted  for b e c a u s e  of the  s m a l l  c o n c e n t r a t i o n s  of oxygen 
(0.04%) which  h a v e  a n u c l e a r  s p i n  different from zero .  (Cont r ibu t ions  to t h e  hyper f ine  s t ruc tu re  
from next-nearest-neighbor Si * 9  a toms  a r e  usua l ly  qu i t e  small .)  F i n a l l y ,  i t  r equ i r e s  t h e  trapping 
of a h o l e  to be obse rved  in s p i n  r e s o n a n c e  as w a s  d i s c u s s e d  i n  t h e  p r e c e d i n g  paragraph .  
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C. HIGH-TEMPERATURE ANNEALING OF THE K-CENTER 

1. Introduction 

High-temperature annea l ing  s t u d i e s  of the  K-center w e r e  unde r t aken  to ex tend  the  
annea l ing  work car r ied  o u t  ea r l i e r  in the  con t r ac t  period. T h e  tempera ture  r ange  w a s  tha t  u s e d  
by F a n g , 6  so tha t  h i s  e l ec t r i ca l  measu remen t s  cou ld  b e  co r re l a t ed  wi th  t h e  E P R  s t u d i e s  of t h e  
K-center annea l ing  proper t ies  d e s c r i b e d  below. 

I sochronal  annea l ing  s t u d i e s  (20-min. duration) of t h e  K-center  w e r e  c a r r i e d  o u t  with 
s a m p l e s  of P-type, boron-doped, pulled silicon. The sample dimensions were 0.1 in. x 0.3 in. x 0.035 in. 
with the  l a r g e s t  face be ing  the  (001)  p lane .  T h e  K-centers w e r e  p roduced  by a 1-MeV e lec t ron  
beam curren t  of  2.5 pA/cm2, a n d  the  s a m p l e s  were  i r r ad ia t ed  wi th  t h e  beam normal to t h e  (001) 
p lane .  T h e  temperature of the  s a m p l e s  during bombardment w a s  40°C. 

T h r e e  iden t i ca l  s a m p l e s  were  u s e d  for t he  f ina l  i soch rona l  annea l ing  s t u d i e s .  T h e i r  
o r ig ina l  res i s t iv i ty  w a s  0.6 Q-cm; a f t e r  bombardment by a flux of 6 x 1Ol7 /cm2 ,  the  r e s i s t i v i ty  
w a s  2.7 S1-cm. One  s a m p l e  w a s  main ta ined  as a cont ro l  unit. T h e  s e c o n d  and  third were  in i t i a l ly  

w a s  h e a t e d  in a s e p a r a t e  oven  at 200°C e a c h  t ime the third ( the  a c t u a l  measu remen t  s ample )  w a s  
annea led  at higher temperatures.  T h e  pu rpose  of t h i s  procedure  w a s  to de te rmine  if there  w a s  any  
K-center annea l ing  t ime-dependence  at tempera tures  o v e r  200"C, s i n c e  the  in i t i a l  expe r imen t s  
i nd ica t ed  r eve r se  K-center annea l ing  at tempera tures  o v e r  200°C. T h e  a n n e a l i n g  w a s  ca r r i ed  o u t  
in a forming g a s  ambient. Tempera tu res  were  measu red  by m e a n s  of a thermocouple  located in  
the  s a m p l e  boa t  and were  main ta ined  within f 3°C. All K-center E P R  measuremen t s  were  made  
in t h e  absorp t ion  mode at l iquid-neon tempera ture  (27°K) wi th  a Var ian  9-GHz E P R  spec t romete r  
which h a s  been  previously d e ~ c r i b e d . ~  Cal ibra t ion  of the  spec t romete r  w a s  a c h i e v e d  by inc luding  
a known phosphorus-doped s i l i c o n  s a m p l e  a long  with t h e  i r r ad ia t ed  s i l i c o n  s a m p l e s  for e a c h  
measurement ,  a n d  the r e s u l t s  were  normal ized  to equa l  phosphorus-double t  s i g n a l .  Sample  r e s i s -  
t ivity w a s  measured a f t e r  e a c h  h e a t  t rea tment  wi th  a four-point probe. 

, a n n e a l e d  at 100°C a n d  200°C. After t h i s  tempera ture  of 200°C w a s  r eached ,  the s e c o n d  s a m p l e  

I 

2. Results 

A typica l  E P R  spec t rum of t h e  K-center is shown  in F i g .  3. T h e  phosphorus-double t  
s i g n a l s  a r e  sepa ra t ed  by about  40 g a u s s  and  the  K-center l i n e s  a r e  l o c a t e d  be tween  them. T h e  
s i l i c o n  s a m p l e s  were or ien ted  so tha t  t h e  magnet ic  field w a s  pe rpend icu la r  to t h e  (001) p lane .  
T h i s  h a s  been  shown to g i v e  a two-line ~ p e c t r u m . ~  Magnetic field marke r s  w e r e  recorded  on e a c h  
s p e c t r a l  run a n d  the spec t romete r  f requency  measured .  T h e  g -va lues  of t h e  K-center  l i n e s  were  
c a l c u l a t e d  from these  data a n d  a r e  given in F i g .  3. 

r 

T h e  b a s i c  r e su l t s  of the  E P R  measuremen t s  a r e  shown  in F ig .  4. T h e  unannea led  f rac t ion  
v e r s u s  temperature for  both K-center  d e n s i t y  and  r e s i s t i v i ty  a r e  p lo t t ed  toge ther .  T h e  peak  h e i g h t s  
of both  s p i n  r e sonance  l i n e s  were  added  toge ther  a n d  it is the  total h e i g h t  which  is plotted.  T h e  
va l id i ty  of t h i s  technique  for measu r ing  r e l a t ive  s p i n  d e n s i t i e s  h a s  b e e n  d i s c u s s e d  by Corbe t t  
and  Watkins.8 T h e  control s a m p l e  ind ica t ed  tha t  t he re  w a s  no t ime d e p e n d e n c e  for K-center 
annea l ing  at 200°C. 
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3. Discussion 

T h e  i n c r e a s e  i n  s i g n a l  due  to annea l ing  at tempera tures  of  a b o u t  250°C is a most in t e re s t -  
ing  resu l t .  Both cont ro ls  behaved  we l l  a n d  no u n u s u a l  c h a n g e s  in t h e  ope ra t ion  of the  mach ine  
were  observed .  Res i s t iv i ty  con t inued  to d e c r e a s e  in t h i s  tempera ture  reg ion  a n d  s h o w e d  a s l i g h t  
i n c r e a s e  at t he  temperature where t h e  maximum of the  E P R  s i g n a l  occur red .  T h e  i n c r e a s e  i n  the  
E P R  s i g n a l  at 2 5 0 ” ~  canno t  b e  a t t r ibu ted  to any  Fermi-level s h i f t  s i n c e  r e s i s t i v i t y  measu remen t s  
i nd ica t ed  tha t  t h e  Fermi l e v e l  w a s  l o c a t e d  0.2 e V  above  the  v a l e n c e  band at t h e  s t a r t  of the  
annea l ing  experiment. T h i s  m e a n s  tha t  i t  w a s  l o c a t e d  below t h e  K-center  l e v e l  which  lies 0.3 e V  
a b o v e  the  v a l e n c e  band. I t  shou ld  b e  noted  tha t  t he  J - cen te r  a n n e a l s  i n  t h e  region of 200°C to 
300°C. If t h i s  r e su l t s  i n  d ivacancy  d i s s o c i a t i o n ,  then i t  cou ld  be a s o u r c e  of v a c a n c i e s  for t he  
formation of K-centers. 

Exper imenta l  ev idence  to suppor t  t he  obse rva t ion  of t h e  K-center  r e v e r s e  annea l ing  w a s  
ob ta ined  in  a s e r i e s  of measu remen t s  to de termine  if  any sa tu ra t ion  effects c o u l d  a c c o u n t  for t he  
E P R  s i g n a l  i n c r e a s e  at 250°C. A cont ro l  s a m p l e  w a s  u s e d  to ob ta in  t h e  d e p e n d e n c e  of the  
phosphorus-doublet  s i g n a l  and  the  K-center  s i g n a l  on microwave  power  t ransmi t ted  to t h e  cav i ty .  
T h e s e  r e s o n a n c e  l i nes  a re  p lo t ted  v e r s u s  microwave power in F ig .  5.  T h e  ope ra t ing  po in t  for t he  
annea l ing  exper iments  is ind ica t ed  on t h e  c u r v e s ,  and  i t  is e v i d e n t  t h a t  both t h e  K-center a n d  
phosphorus  s i g n a l s  were  l i nea r ly  dependen t  on power  wi th in  a w i d e  range  a round the  ope ra t ing  
point.  In addi t ion ,  i t  w a s  e s t a b l i s h e d  tha t  even  i f  we d id  o p e r a t e  in the  “ sa tu ra t ion”  region, t he  
ra t io  of K-center  s igna l  to phosphorus  s i g n a l  w a s  cons t an t .  

Fig. 5. Resonance lines as a function of microwave power. 
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It. STUDIES OF LITHIUM-DEFECT INTERACTIONS BY EPR MEASUREMENTS 

c 

A. SUMMARY OF EFFECTS OF LITHIUM IN PHOSPHORUSDOPED (C-type) S!L!COI? AND 
BORON-DOPED (p-type) SILICON 

In n-type s i l i c o n  e v i d e n c e  for the  atomic in t e rac t ion  be tween  li thium a n d  A-centers ,  
though indi rec t ,  is cons ide red  to be  qu i t e  strong. T h e  only e v i d e n c e  cons ide red  d i r e c t  would 
b e  the  obse rva t ion  of a third EPR c e n t e r  different from the l i th ium or the  A-center.  T h i s  third 
c e n t e r  has not  been  found. However ,  we have unambiguously shown  t h a t  the  p r e s e n c e  of l i thium 
d e c r e a s e s  the A-center r e sonance  l i ne ,  and tha t  t h e  appea rance  of A-centers  d e c r e a s e s  the  l i th -  
ium r e s o n a n c e  l ine.  We have  shown  fur ther  tha t  t h e s e  effects c a n n o t  b e  e x p l a i n e d  merely on the  
b a s i s  of the  t r ans fe r  of v a l e n c e  e l e c t r o n s  from o n e  c e n t e r  to another .  I t  is pos tu l a t ed ,  therefore,  
t ha t  a n  a tomic  complexing  of s o m e  sort is taking p l a c e  d u e  to t h e  h igh  mobili ty of the  l i thium. 

In p-type s i l i c o n ,  n o  ind ica t ion  of any Li-defect in t e rac t ions  is obse rved .  T h e  p r e s e n c e  
of l i th ium does no t  s ign i f i can t ly  change  the d e n s i t y ,  g -va lue ,  or g r o s s  angu la r  dependence  of the  
dominan t  damage  d e f e c t ,  t h e  K-center.  

8. SILICON DOPED PREDOMINANTLY WITH LITHIUM 

T h e  p rev ious  s e c t i o n  d e s c r i b e d  the b a s i c  effects of add ing  l i thium as a n  impurity to 
n- a n d  p-type, oxygen-conta in ing  s i l i c o n  which a l r eady  had  in i t  t he  primary doping  impurity. In 
p-type s i l i c o n ,  l i thium had no e f f ec t  on e i ther  t he  obse rvab le  damage  c e n t e r s  (ch ief ly  the  K-center) 
or the  proper t ies  of n /p  s o l a r  cells. In n-type s i l i c o n ,  i n t e rac t ion  be tween  li thium a n d  A-centers  
w a s  s t rong ly  ind ica t ed ;  y e t  the  p r e s e n c e  of l i thium had  little, if a n y ,  effect on the  rad ia t ion  re- 
s i s t a n c e  of p /n  s o l a r  cells (before annea l ing) .  

In a n  effort  to promote t h e  in te rac t ion  of l i thium with rad ia t ion- induced  d e f e c t s ,  s t u d i e s  
were  begun on s i l i c o n  which  had  very  low oxygen concen t r a t ions  a n d  which  c o n t a i n e d  l i thium as 
the  dominant  n- type  dopant .  T h e s e  two exper imenta l  cond i t ions  might b e  e x p e c t e d  to fos t e r  the  
in t e rac t ion  of l i thium with radiation-induced d e f e c t s  on two accoun t s :  (1) S i n c e ,  in oxygen- 
con ta in ing  mater ia l ,  t h e  s h a l l o w  donor is really a ( L i - 0 )  complex ,  t h e  a b s e n c e  of oxygen might 
make  the  isolated lithium* more mobile and s u s c e p t i b l e  to “ t rapping”  by o the r  imperfec t ions  
and  defects. (2) T h e  a b s e n c e  of phosphorus  a n d  oxygen removes  the  poss ib i l i t y  of forming A- 
c e n t e r s  and  E-cen te r s ,  t h u s  inc reas ing  further t h e  l ike l ihood of l i thium in t e rac t ing  wi th  whatever  
o ther  defects may b e  formed. 

Accordingly,  n-type s i l i con  with quoted oxygen c o n c e n t r a t i o n s ’ ~ ~  = 2 x 1015/cm3 a n d  r e s i s -  
t ivity = 1 2  Q-cm (due  to 4 x 101*/cm3 phosphorus)  w a s  d i f fused  wi th  l i thium from a Li-Sn a l loy  at 

* 
While (Li-0) acts as  a shallow donor with an energy level  about 0.039 eV below the conduction band, isolated 
lithium is reported to be a shallow donor with an energy level about 0.033 eV below the conduction band. (T. E. 
Gilmer, et al., J. Phys.  Chem. Solids. 26, 1195 (1965). 
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400T to a res i s t iv i ty  of 0.3 to 0.4 R-cm and a li thium concen t r a t ion  of abou t  2 x 1016/cm3. 
T h i s  mater ia l  w a s  bombarded by a 1-MeV e lec t ron  f lux  of 1 x 1016/cm2 at room temperature.  
E P R  proper t ies  of the s a m p l e s  were  then  measured  at 27OK u s i n g  a Var ian  he te rodyne  spec t ro -  
meter  opera t ing  at 9.1 GHz.* 

F i g u r e  6 con ta ins  t h e  s i g n i f i c a n t  E P R  r e s u l t s  of ou r  f i r s t  expe r imen t s .  (In all our 
s p e c t r a ,  the  s p i n  dens i t i e s  h a v e  been  c a l c u l a t e d  from t h e  EPR l i n e s  of conduct ion  e l e c t r o n s  
and  of the  phosphorus donor e l e c t r o n s  in s a m p l e s  where  t h e s e  e l e c t r o n  concen t r a t ions  h a v e  
been  independent ly  measured.)  T h e  f i r s t  spec t rum is tha t  of a s t a n d a r d  “ca l ibra t ing”  s a m p l e  of 
s i l i c o n  showing  the phosphorus  doub le t  l i ne  cor responding  to a s p i n  d e n s i t y  (known phosphorus  
doping)  of 2 x 1016/cm3. T h e  doub le t  h a s  a sepa ra t ion  of a b o u t  39 g a u s s  a n d  is symmetr ica l ly  
located about  a point very close to the  “free” conduc t ion  e l ec t ron  l i ne .  (Al l  s p e c t r a  to be s h o w n  
a r e  a l igned  s o  tha t  their  magnet ic  field v a l u e s  H a r e  the  same. )  T h e  s e c o n d  spec t rum is t h a t  of 
e t  low-oxygen’’ s i l i con  and  s h o w s  only  the  phosphorus  doub le t  for w h i c h  a s p i n  d e n s i t y  of 
6 x 101*/cm3 is ca lcu la t ed  from spec t rum 1, a n d  is to b e  compared  wi th  t h e  phosphorus  con-  
cen t r a t ion  of 4 x 101*/cm3,  the  va lue  ob ta ined  from its re s i s t i v i ty .  T h e  very s m a l l  s i g n a l  be-  
tween  the  phosphorus l i n e s  is m o s t  l i ke ly  due  to s o m e  very  s m a l l  concen t r a t ion  of con taminan t s ,  
s u r f a c e  states, etc. T h e  third spec t rum is of l i thium-diffused mater ia l .  A s i n g l e  l i ne  is o b s e r v e d  
with a s p i n  d e n s i t y  of 1.3 x 1015/cm3.  I t  h a s  no d i sce rn ib l e  a n g u l a r  dependence .  S ince  its s p i n  
dens i ty  is abou t  the s a m e  as the  oxygen concent ra t ion ,  a n d  s i n c e  a n  E P R  abso rp t ion  is no t  s e e n  
in oxygen-free s i l i con ,  the r e s o n a n c e  l i n e  is a lmos t  ce r t a in ly  d u e  to t h e  ( L i - 0 )  donor. T h i s ,  of 
c o u r s e ,  is a p a r t  from t h e  fact t h a t  r e s i s t i v i ty  measu remen t s  i n d i c a t e  tha t  w e  h a v e  2 x 1 0 % m 3  
u n a s s o c i a t e d  lithium atoms which  a r e  a c t i n g  as sha l low donors .  T h e  fourth spec t rum is of mate-  
r ia l  which  h a s  no t  had a n y  impurity added  to i t ,  but h a s  been  bombarded by a 1-MeV e lec t ron  f lux  
of 1 x 1016/cm2.  No E P R  abso rp t ion  is detected and ,  in fact, the phosphorus  doub le t  h a s  dis- 
appea red .  T h e  fifth spec t rum is tha t  of l i thium-doped s i l i c o n  wh ich  h a s  been  e lec t ron- i r rad ia ted .  
Now a new re sonance  abso rp t ion  a p p e a r s  about  f ive  t imes  l a rge r  than  tha t  due  to l i thium a l o n e ,  
spec t rum th ree  (note  d i f f e ren t  g a i n s  for different p a r t s  of th i s  spec t rum) .  In add i t ion ,  the phos-  
phorus  double t  l i n e s  a r e  now p resen t ,  i n  contradistinction to the  case of spec t rum four. Aga in ,  no 
measu rab le  angu la r  dependence  of t he  new c e n t e r  is obse rved .  I t  is to be s t r e s s e d  tha t  (1) t h i s  
new la rger  r e sonance  l i ne  a p p e a r s  only i n  ma te r i a l  which  both c o n t a i n s  l i thium a n d  h a s  b e e n  
e lec t ron- i r rad ia ted  and (2) the  phosphorus  doub le t  is c a u s e d  to d i s a p p e a r  by e i the r  l i thium a l o n e  
or electron-irradiation a l o n e ,  bu t  not  by the  combina t ion  of the  two. 

In F i g .  7 a re  shown  the effects of the  p r e s e n c e  of high oxygen concen t r a t ions  a n d  of 
bombardment f lux  l eve l s  on the l i th ium paramagnet ic  r e sonance .  T h e  f i r s t  spec t rum is a g a i n  the  
ca l ib ra t ed  phosphorus doub le t  l i ne .  T h e  s e c o n d  spec t rum is t h a t  of “low-oxygen” s i l i c o n  con-  
ta in ing  l i thium alone. The third is tha t  of l i thium a l o n e  i n  s i l i c o n  con ta in ing  abou t  101*/cm3 
oxygen.  N o t e  tha t  although the  r e s i s t i v i t i e s  of both s i l i c o n  s a m p l e s  a r e  the  s a m e ,  i.e., the  
l i thium donor concen t r a t ions  a r e  the s a m e  (= 2 x 1016/cm3),  E P R  abso rp t ion  of the  s a m p l e  

* Further detai ls  of the EPR equipment may be found in the Semiannual Report dated July 7 ,  1965. 
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PHOSPHORUS DOUBLET 

SFiN DENSi iY  = i . g X  i0!‘/cm3 
N D  = 2 x  1016/,,3 

GAIN = 40 

OXYGEN CONCENTRATION = 1-2x 1015/,,3 
PHOSPHORUS ND = 4 x  1014/cm3 
SPIN DENSITY = 6 x  101‘/cm3 
LITHIUM 0 
C p = O  
GAIN = 800 

OXYGEN CONCENTRATION = 1-2x 1015/,,3 
LITHIUM ND = 2 x  1016/,,3 
SPIN DENSITY = 1 . 3 ~  1015/,,3 
PHOSPHORUS ND = 4 x  1014/,,3 

C p = O  
SPiN DENSITY = 0 

GAIN = 250 

OXYGEN CONCENTRATION = 1 - 2 x  1015/,,3 
PHOSPHORUS ND = 4 x  1014/,,3 
SPIN DENSITY = 0 
LITHIUM = 0 
4 = 1 x 1016/cm’ 
GAIN = 800 

OXYGEN CONCENTRATION = 1-2x 1015 
LITHIUM ND = 2 x  1016/,,3 

PHOSPHORUS ND = 4 x  10%,3 
SPIN DENSITY = 5 x  1014/,,3 

SPIN DENSITY = 6 x  1015/cm3 

4 = 1 x 10’6/cm’ 
GAIN = 500-200-500 

0 
v) 
- 
a a 
W 

DECREASING H - 
Fig. 6. Significant EPR results. 
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PHOSPHORUS DOUBLET 
ND = 2 1016/,,3 
SPIN DENSITY = 1.8 x 1016/,,3 
GAIN = 40 

OXYGEN CONCENTRATION = 1-2 x 1015/cm3 
LITHIUM ND = 2 1016/,J 
SPIN DENSITY = 1.8 1015/~,3 
Q = O  
GAIN = 400 

OXYGEN CONCENTRATION 2 1018/crn3 
LITHIUM ND = 2 1016/~,3 
SPIN DENSITY = 1.5 x 1016,/~,3 
Q =  0 
GAIN = 40 

OXYGEN CONCENTRATION = 1-2 x 1015/cm3 

SPIN DENSITY = 0 
Q = 3 x 1016/cm2 
GAIN = 800 

LITHIUM N~ = z X  1016/,,3 

SAME AS ABOVE EXCEPT = 5 1016/cm’ 

t 1 D2MAGE 1 
P-LINE Li-LINE LINES P-LINE 

DECREASING H - 
Fig. 7. Effects of high oxygen concentration and of bombardment 

flux level on the Li paramagnetic resonance. 
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con ta in ing  = l O i 8 / c m 3  oxygen is abou t  10 times t h a t  of t h e  s a m p l e  which  con ta ins  E 2 x 10’5/cm3 
oxygen.  T h e  fourth and f i f th  s p e c t r a  a r e  of “low-oxygen” s i l i c o n  con ta in ing  l i thium, bombarded 
wi:h e!ec:rofi f!iixcs of 3 j: !C!16!cm2 and  5 x 1016/cm2,  r e spec t ive ly .  T h e  lithium l i n e  h a s  com- 
p l e t e ly  d i s a p p e a r e d ,  e i t h e r  b e c a u s e  the  d e e p  damage  cen te r s*  h a v e  cap tu red  the  s h a l l o w  donor 
e l e c t r o n s ,  or b e c a u s e  t h e  Fe rmi  l e v e l  h a s  moved su f f i c i en t ly  d e e p  in to  the  forbidden energy  region 
to i o n i z e  all the Li or ( L i - 0 )  donor l e v e l s .  The a p p e a r a n c e  of t he  damage  cen te r  s p e c t r a  a r e  some- 
what  r emin i scen t  of t h o s e  produced  by high e l ec t ron  f l u x e s  a n d  shown  in  the  prev ious ly  i s s u e d  
Semiannual  Report** in  F i g .  15. 

T h e  important p r a c t i c a l  effects of the  new Li-defect c e n t e r  (hereaf te r  called the L-cen te r )  
s e e n  in  Fig. 6, curve  4 ,  would b e  the  effects i t  h a s  on s o l a r  cell p rope r t i e s  and  the  ra te  at wh ich  
t h e s e  effects occur .  In Sec t ion  111 t h e s e  a r e  d i s c u s s e d  in terms of e l e c t r i c a l  p rope r t i e s  a n d  s o l a r  
cell pa rame te r s .  Here ,  w e  h a v e  made preliminary measu remen t s  of t i m e  effects a s  measured  by 
E P R  t echn iques .  F i g u r e  8 s h o w s  f i r s t  the  phosphorus  doub le t  l i n e s ,  then  the r e sonance  l i n e  d u e  
to l i th ium a l o n e ,  a n d  f ina l ly  the  new L-center  l i n e  taken  a f t e r  1, 4?4, 25  hours ,  and 1 month a t  
room tempera ture  a f t e r  the  e l ec t ron  irradiation. N o t e  t h a t  t he  new center ’s  r e sonance  h a s  d e c r e a s e d  
markedly  dur ing  th i s  t ime, i nd ica t ing  a spon taneous  annea l ing  of t h i s  damage  cen te r .  No  o the r  new 
c e n t e r  is s e e n  dur ing  t h i s  room-temperature annea l ing .  

C. DISCUSSION 

T h e  E P R  measuremen t s  d e s c r i b e d  in Sec t ion  B. h a v e  unambiguous ly  i l l u s t r a t ed  s e v e r a l  
very impor tan t  f ea tu re s  of e lec t ron- i r rad ia ted ,  l i thium-doped, “low-oxygen’’ s i l i con .  P e r h a p s  the 
most  impor tan t  is tha t  a new cen te r ,  the L-center,  is formed which  mus t  involve  l i th ium and  the 
radiation-produced damage  cen te r .  

T h i s  c e n t e r  is d i f fe ren t  in cha rac t e r  from previous ly  reported damage  c e n t e r s .  I t s  E P R  
spec t rum c o n s i s t s  of but  one  l i n e  with no measurable  angu la r  dependence  in con t r ad i s t inc t ion  to 
the  very  s t rong  angu la r  d e p e n d e n c e  of s e v e r a l  r e s o n a n c e  l i n e s  genera l ly  obse rved  for t he  d e e p e r  
(7 0.2 e V )  damage  c e n t e r s .  

Ne i the r  oxygen  nor phosphorus  appea r  to b e  pa r t  of t h i s  cen te r ,  s i n c e  its concen t r a t ions  
a r e  a b o u t  5 t imes  the  oxygen concent ra t ion ,  a n d  when t h e  L-cen te r  a p p e a r s ,  t he  phosphorus  
doub le t  ( r ep resen t ing  as  i t  does t h e  i s o l a t e d  phosphorus  atom) is s imul t aneous ly  obse rved .  No te  
tha t  wh i l e  l i thium a l o n e  or electron-irradiation a l o n e  c a u s e  t h e  phosphorus  doub le t s  to d i s a p p e a r ,  
t h e  combina t ion  of two  (i.e.,  t he  L-center )  does  not. 

T h e  s t a b i l i t y  of the  L-center  appea r s  to b e  qu i t e  low. F igu re  8 i l l u s t r a t e s  t h a t  t he  
L-cen te r  a n n e a l s  ou t  s p o n t a n e o u s l y  at room tempera ture ,  a l though a n  apprec i ab le  l e v e l ,  a b o u t  3575, 
still remains  a f t e r  a month. T h i s  s u g g e s t s  (but does n o t  abso lu t e ly  ind ica t e )  t ha t  t he  L-center ’s  

* 
* *  

Most likely C-centers or lithium-C-center complexes. 
B. Goldstein et al . ,  Semiannual Report, Contract No. NASS-9131, July 1965. 

defect primarily responsible for the degradation of lifetime or other solar c e l l  properties. 
t One should always bear in mind, however, that a defect s e e n  by a measurement such a s  EPR may not be the 
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PHOSPHORUS DOUBLET 
ND = 2 1016/,,3 
SPIN DENSITY = 1.8 1016/,,3 
GAIN = 40 

OXYGEN CONCENTRATION = 1-2 x 1015/crn3 

SPIN DENSITY = 1.8 x ~ O ~ ~ / c r n ’  
PHOSPHORUS ND = 4 x 1014/crn3 
SPIN DENSITY = 0 

GAIN = 400 

LITHIUM ND = 2 1016/,,3 

$ =  0 

OXYGEN CONCENTRATION = 1-2 x 1015/crn3 
LITHIUM ND = 2 1016/,~3 
PHOSPHORUS ND = 4 1 0 1 4 / ~ ~ 3  
4 = 5 10%? 
t = 1 hr. 
SPIN DENSITY = 9.0 1015/,~3 
GAIN = 100 

t = 4.25 hr. 

GAIN = 100 
SPIN DENSITY = 6.5 1015/,, 

t = 720 hr. 
SPIN DENSITY = 3.5 x 1015/crn3 
GAIN = 800-100-800 
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t t t 

DEFECT LINE 
DECREASING H - Li8rLi  P-LINE 

Fig. 8. EPR data for the phosphorus doublet lines, the resonance line due to lithium alone, 
and the new L-center line at different times. 
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binding  ene rgy  is qui te  low. T h i s  is further i nd ica t ed  by t h e  fact tha t  a 10-minute 8OoC h e a t  
t rea tment  p:odEced abou t  a 50% diminution of t h e  L-center.  O n e  exper imenta l  fact does s u g g e s t  
s t rong ly  tha t  t h e  L-cen te r  d i s s o c i a t e s ;  i.e., as t h e  L-cen te r  d e c r e a s e s  wi th  time, as shown  i n  
F i g .  8, the  phosphorus  doub le t  also d e c r e a s e s .  We had  s e e n  i n  F i g .  6 t h a t  l i thium a i o n e  or tine 
rad ia t ion-produced  d e f e c t  a l o n e  c a u s e d  t h e  phosphorus  double t  to d i sappea r .  F i n a l l y ,  i t  shou ld  
b e  noted  tha t  t he  time c o n s t a n t  of t h e  L-center’s annea l ing  is of the  order  of a day .  A s  we s h a l l  
see, t h i s  d o e s  not  r e l a t e  in any  s i m p l e  way  to the  t ime c o n s t a n t  of the  recovery  of s o l a r  cell 
damage .  

T h e  model for t he  L-cen te r  a n d  the  mechanism of its formation c a n  only  b e  s p e c u l a t e d  on 
at  t h i s  t ime, bu t  there  a r e  s o m e  cons ide ra t ions  which  a r e  app l i cab le .  I t  is l ike ly  tha t  a 1-MeV 
e lec t ron  b a s i c a l l y  p roduces  (ch ief ly)  v a c a n c i e s  and  a much s m a l l e r  number of d i v a c a n c i e s .  T h i s  
is b a s e d  on known in t roduct ion  r a t e s .  T h e  vacancy  h a s  been  shown  to b e  a su rp r i s ing ly  mobile 
d e f e c t  at room temperature.  So, of c o u r s e ,  i s  l i thium. T h e  introduction r a t e  for the L-center is about 
@.5/cm. T h u s ,  a f i r s t  s p e c u l a t i o n  is t h a t  the L-cen te r  is a L i -vacancy  complex .  I t s  energy  l e v e l  
s h o u l d  be  sha l low,  of the  s a m e  order  of the  phosphorus  energy  l eve l ,  b e c a u s e  if its l e v e l  were  
apprec i ab ly  deepe r ,  t h e  r e su l t i ng  Fe rmi  leve l  would l ike ly  c a u s e  the phosphorus  to lose its donor 
e l e c t r o n  and  thus  its EPR absorp t ion .  

If the  most  l ike ly  model for t h e  L-center  is a L i -vacancy  complex ,  b a s e d  on the  h igh  intro- 
duc t ion  r a t e  a n d  the  h igh  mobili ty of the  cons t i t uen t  e l emen t s ,  t he  mechanism of its formation is 
o b s c u r e  at t h i s  time. T h e  fact tha t  the L-center  a p p e a r s  to be independent  of oxygen and  phos-  
phorus  d o e s  n o t  mean tha t  t h e s e  e l e m e n t s  play no ro le  in the L-center ’s  formation. I t  is p o s s i b l e  
tha t  t h e  A-center or E-cen te r  may b e  a n  in te rmedia te  and/or  t r ans i en t  s t e p  in the  L-center ’s  
forma t ion .  

T h e  s i g n i f i c a n c e  of the  formation mechanism wi l l  become more appa ren t  i n  the  nex t  
s e c t i o n  on e l e c t r i c a l  and  s o l a r  cell measurements .  A summary d i s c u s s i o n  of EPR and s o l a r  
cell r e s u l t s  is g iven  in Sec t ion  IV. 
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111.  INCREASED RADIATION RESISTANCE OF SOLAR CELLS 
THROUGH THE USE OF LITHIUM 

A. INTRODUCTION 

A major goa l  of th i s  s tudy  h a s  been  to f ind  a n  impurity which  would  i n t e r a c t  wi th  radiation- 
induced  d e f e c t s  i n  s i l i con  to form c e n t e r s  which  p rese rve  the  minority-carrier d i f fus ion  l eng th ,  L. 
Such a n  impurity would lead to  more r ad ia t ion - re s i s t an t  s o l a r  cells and  o the r  d e v i c e s .  A number 
of poten t ia l ly  use fu l  impur i t ies  were  inves t iga t ed ;  among t h e s e  were  L i ,  Cu, Al ,  Gd and  F e ;  the 
r e s u l t s  of the latter four were  d e s c r i b e d  in detail in e a r l i e r  repor t s .  L i th ium a l o n e  proved  to merit  
further s tudy .  T h e  culmination of t h i s  s t u d y ,  as w i l l  be  s e e n  be low,  w a s  the  fabr ica t ion  of s o l a r  
cells wi th  remarkably i n c r e a s e d  r ad ia t ion - re s i s t an t  proper t ies .  

B. EXPERIMENTAL DETAILS OF THE LITHIUM STUDY 

Throughout  this s tudy ,  t he  b a s i c  d e v i c e  parameter  which  w a s  examined  w a s  L, measu red  
by the e lec t ron-vol ta ic  effect,’O as a func t ion  of flux. In i t i a l ly ,  L w a s  measu red  in s u r f a c e  ba r r i e r s  
on n-type and  l i thium-diffused n /p  junc t ions  in p-type s i l i c o n .  Although the  po ten t i a l  u s e f u l n e s s  
of l i thium could  b e  s e e n  with t h e s e  s t r u c t u r e s ,  they had  d i s a d v a n t a g e s  which  ind ica t ed  tha t  wel l -  
def ined  junc t ions  uniformly doped  with l i thium w e r e  n e c e s s a r y  in con t inu ing  t h i s  s tudy .  T h e  d i s -  
advan tage  of the  l i thium-diffused n / p  junc t ions ,  for example ,  w a s  the  expe r imen ta l  difficulty of 
sepa ra t ing  i n c r e a s e s  in b a s e  r e s i s t i v i ty  d u e  to l i thium, from l i th ium-damage-center  i n t e rac t ions  
in the obse rved  radiation r e s i s t a n c e .  T h e  photovol ta ic  proper t ies  of the  s u r f a c e  bar r ie rs ,  on the  
o ther  hand ,  were  obscured  by the  in te r fe r ing  go ld  con tac t  on the  top  su r face .  H e n c e ,  measu remen t s  
o ther  than  the  e lec t ron-vol ta ic  e f f e c t  were  no t  e a s i l y  in te rpre ted .  

While no t  su i t ab le  for con t inued  s t u d y ,  t he  ear ly  s t r u c t u r e s  d id  d e l i n e a t e  the  p rocedures  
to be fo l lowed in making lithium e f fec t ive  in  s o l a r  cells. F o r  example ,  t he  sur face-bar r ie r  r e s u l t s  
c l ea r ly  s h o w e d  the  importance of the  r e l a t ive  concen t r a t ions  of l i th ium,  oxygen ,  and  phosphorus  
on the  rad ia t ion  behavior  of the dev ice .  T h i s  information w a s  v i t a l  to t h e  s o l a r - c e l l  work which  
followed. 

Another  observa t ion  from the  ea r ly  work w a s  the  need  to c o n s i d e r  the l i thium dis t r ibu t ion  
in the  d e v i c e  in interpreting the r e s u l t s  of the  damage  exper iments .  I t  w a s  found, for example ,  
t ha t  L in  lithium-doped s u r f a c e  bar r ie rs  matched  c l o s e l y  the  va lue  i n  undoped s a m p l e s  in s p i t e  
of a n  appa ren t  d i f fe rence  in ma te r i a l  r e s i s t i v i ty .  Four-point-probe measu remen t s  typ ica l ly  showed  
the r e s i s t i v i ty  of the l i thium-doped s a m p l e s  to b e  lower  than  in the  undoped s a m p l e s  by at least 
a n  order  of magnitude. Subsequen t  examinat ion  of the  l i thium d i s t r ibu t ion  i t s e l f ,  by c a p a c i t a n c e  
and  r e s i s t i v i ty  measurements ,  however ,  i nd ica t ed  tha t  the  b a s e  r e s i s t i v i t y  n e a r  the  bar r ie r  in 
both l i thium-doped and undoped s p e c i m e n s  w a s  c l o s e r  in v a l u e  than  the four-poin t-probe measure-  
men t s  ind ica ted .  T h i s  exp la ined  why L in both s p e c i m e n s  w a s  the  same. I t  w a s  also found tha t  
from re s i s t i v i ty  profiles of the  first  n/p solar cells “uniformly” doped with lithium that the distribution 
could  be  s o  nonuniform tha t  reg ions  of n-type conduct iv i ty  were  inc luded  in the  p-type region. 
(EPR measuremen t s  of some s a m p l e s  g a v e  s imi l a r  resu l t s . )  Such  nonuniformity cou ld  be  e x p e c t e d  
to h a v e  a harmful effect on the  e l e c t r i c a l  p rope r t i e s  of t h e s e  cells. 
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With the  above  cons ide ra t ions  in mind, a procedure  w a s  evo lved  for making l i thium-doped 
s o l a r  cells. T h i s  procedure genera l iy  cons i s t ed  of the following s:eps foi p/n  cells; n / p  cells 
were  made  in a s imi l a r  f a sh ion  with appropriate c h a n g e  in  impurity where  required.  Boron w a s  
d i f fused  in to  h igh- res i s t iv i ty  ( p  > 10 Q-cm), f loating-zone, n-type s i l i c o n  to form a p /n  junction. 
L i th ium w a s  then d i f f u s e d  in to  the  ma te r i a l  from a s u i t a b l e  s o u r c e ,  s u c h  as a li thium-oil  p a s t e  
or a li thium-tin a l loy ,  at  approximate ly  4OOOC for times up  to 24 hours.  T h e  l i thium concent ra t ion  
w a s  e s t i m a t e d  from res i s t i v i ty  measurements .  T h e  cell w a s  comple ted  by evapora t ing  Ag:Ti 
c o n t a c t s  and  a S i0  an t i r e f l ec t ion  c o a t i n g  on the appropr ia te  side of the  junction. (Con tac t  s i n -  
te r ing  w a s  tried with no appa ren t  effect on the f i n a l  resu l t s . )  C a p a c i t a n c e  measu remen t s  were  
made on the comple ted  d e v i c e  to ob ta in  the l i thium concen t r a t ion  in  t h e  junc t ion  region. 

T h e  photovol ta ic  and  e lec t ron-vol ta ic  p rope r t i e s  of t h e s e  cells were  s t u d i e d  and  a r e  
repor ted  below. T h e  damaging  p a r t i c l e s  used  w e r e  mainly 1-MeV e l e c t r o n s .  However ,  d a t a  will  
also b e  p resen ted  from a 16.8-MeV proton and a low-level gamma exper iment .  

C. n/p SOLAR CELLS 

Floa t ing -zone  (F.Z.)  a n d  quartz-crucible (Q.C.) n / p  cells conta in ing  l i thium were  irradi- 
a t e d ,  bu t  no c l e a r  in te rac t ion  of l i thium with rad ia t ion  d e f e c t s  w a s  obse rved  in the  e l e c t r i c a l  
measu remen t s .  

Before  the  addi t ion  of l i th ium,  t h e  base  r e s i s t i v i t i e s  p in the  c e l l s  ranged  from 2.5 to 
14 a - c m .  T h e  cells were  immersed i n  a lithium-tin ba th  for a t ime su f f i c i en t ly  long  to e s t a b l i s h  
a reasonab ly  uniform li thium concen t r a t ion .  The added li thium concen t r a t ion  w a s  approximate ly  
2 x lo1’ c m 3  in the  lower-p cells and  5 x lo’* cm3 in the  higher-p cells. 

T y p i c a l  behavior  obse rved  in one  group of F.Z. cells is s h o w n  in F i g .  9.  T h e  va lue  of 
L is s e e n  no t  to depend  upon the  p r e s e n c e  of l i thium. Fur thermore ,  no recovery of L w a s  obse rved  
a f t e r  i r rad ia t ion .  T h e  four-point r e s i s t i v i t i e s  on the  b a c k s i d e  and t h o s e  deduced  from c a p a c i t a n c e  
measurements, p,, a r e  s h o w n  in F i g .  9. T h e s e  v a l u e s  i n d i c a t e  tha t  l i th ium w a s  i n d e e d  in the 
junc t ion  region a n d  w a s  r easonab ly  uniform in the  b a s e  region. 

T h e s e  r e s u l t s  a r e  i n  agreement  with the  p i c tu re  which  is emerging  in t h i s  s t u d y .  T h i s  
p i c tu re  s u p p o s e s  tha t  l i thium must  compete  wi th  the  o the r  impur i t ies  in the ma te r i a l  for the 
rad ia t ion- induced  v a c a n c i e s  (or o the r  damage  c e n t e r s )  to form a d i f f e ren t  damage-center  com- 
plex.  On t h i s  b a s i s ,  then ,  the  l i th ium concent ra t ion  mus t  e x c e e d  the  concen t r a t ions  of the  o t h e r  
impur i t i e s ,  a s s u m i n g  comparable  c r o s s  s e c t i o n s  for t h e  vacancy  in te rac t ion .  T h e  two c e n t e r s  
ord inar i ly  found in p-type s i l i c o n  a r e  the  J -  a n d  the  K-centers .  T h e  J - cen te r  is the  d ivacancy ,  
a n  i n t r i n s i c  defect which d o e s  not depend upon the  impurity concen t r a t ions .  T h e  K-center,  on 
the  o the r  hand ,  is known to involve  oxygen and no o the r  i m p ~ r i t y . ~  Therefore ,  t h e  l i thium con-  
cen t r a t ion  mus t  e x c e e d  t h e  oxygen concent ra t ion  before a n y  e f f e c t  c a n  be  s e e n .  T h i s  c r i te r ion  
ru l e s  o u t  Q.C. n/P cells s i n c e  l i thium concen t r a t ions  of l o ”  to 1018/cm3 would b e  requi red ,  
and  the  donor  na tu re  of l i thium at these concen t r a t ions  would  conve r t  t h e  ma te r i a l  to n-type, 
u n l e s s  it  w a s  very  heav i ly  doped  in i t i a l ly  with a c c e p t o r s .  
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Fig. 9. Typical L vs. (b characteristics of n/p floating-zone cells. 

Another  factor wh ich  t ends  to ru l e  ou t  all n / p  ce l l s ,  both Q.C. a n d  F.Z., is the  known 
pa i r ing  of l i thium with a c c e p t o r s ”  a n d  oxygen12 to form complexes  which  a r e  s t a b l e  at room 
tempera ture .  T h i s  pairing immobi l lzes  a l a rge  fraction of the  a v a i l a b l e  l i thium which  then is n o t  
free to r e a c t  wi th  radiation-induced defects. ( Inc identa l ly ,  t h i s  pa i r ing  also “neu t r a l i ze s”  the  
oxygen a n d  r e d u c e s  its reac t ion  wi th  d e f e c t s .  See Sec t ion  D below for e v i d e n c e  of th i s  behavior.)  

B e c a u s e  of the nega t ive  expe r imen ta l  r e s u l t s  and  t h e  a b o v e  c o n s i d e r a t i o n s  conce rn ing  
the  d i f f icu l ty  of achiev ing  t h e  proper l i thium, oxygen and  a c c e p t o r  concen t r a t ions ,  no further work 
is contempla ted  on  the n /p  cell at  t h i s  time. 

D. p/n SOLAR CELLS 

1. Electron Irradiations 

T h e  d i f f icu l t ies  of obta in ing  the  proper l i thium concen t r a t ions  ment ioned  a b o v e  do no t  
e x i s t  in p /n  s t ruc tu res  b e c a u s e  l i th ium itself c a n  supp ly  the  donor e l e c t r o n s  requi red  fo r  t he  
n-type conduct iv i ty .  It w a s  found in  fact, t h a t  when t h e  l i thium concen t r a t ion  e x c e e d s  both the  
oxygen and  o t h e r  donor concen t r a t ions  in the  n-type reg ion ,  the  r e s u l t a n t  cells a r e  cur ren t ly  the  
most  rad ia t ion- res i s tan t  ones  available. A s  poin ted  o u t  above ,  t h i s  d i scove ry  s t emmed  e s s e n t i a l l y  
from t h e  ea r ly  sur face-bar r ie r  s t u d i e s ,  whose  r e s u l t s  c a n  b e  summar ized  as follows: 
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I. 

2. 

3. 

4 .  

T h u s ,  the  

Li th ium d i f fused  in to  10-G-cm F.Z. material to a l eve l  of =1016/cm3 
re su l t ed  i n  s u r f a c e  bar r ic i s  which showed  l a rge  rcon?-temperacure 
recovery of L a f t e r  irradiation. 
Li th ium di f fused  in to  1-Q-cm (phosphorus-doped) F.Z. mater ia l  to a 
l e v e l  of 
Li th ium d i f fused  in to  Q.C. ma te r i a l  to a l e v e l  of = 1016 /cm3  d id  no t  
l e a d  to an  improvement in rad ia t ion  r e s i s t a n c e .  
T h e  h e a t  t rea tment  a s s o c i a t e d  with the lithium di f fus ion ,  b y  itself, 
d i d  n o t  l e a d  to rad ia t ion- res i s tan t  d e v i c e s  ( th i s  w a s  a “cont ro l”  
experiment).  

1016/cm3 d i d  not l e a d  to improved rad ia t ion  r e s i s t a n c e .  

c r i te r ion  w a s  e s t a b l i s h e d  tha t  the  l i thium concen t r a t ion  m u s t  e x c e e d  both  the  
oxygen and  o ther  donor  concen t r a t ions  before a n  effect could  be  s e e n .  In o the r  words ,  l i thium mus t  
b e  the  dominant  impurity in t h e  n-type region. T h i s  r e s u l t  is unde r s t andab le  in  the  framework of a 
compet i t ion  of l i thium with the  o the r  impur i t ies  for t he  radiation-induced v a c a n c i e s .  When, for 
example ,  the  oxygen concent ra t ion  e x c e e d s  the o the r  impurity concen t r a t ions ,  the  vacancy-oxygen 
or A-center  w i l l  form preferen t ia l ly  to a n y  other cen te r .  S imi la r ly ,  when phosphorus  is t h e  dom- 
inan t  impurity,  the vacancy-phosphorus ,  or E-center ,  w i l l  b e  formed. O n e  e x p e c t s  then ,  as indeed  
our  r e s u l t s  s h o w ,  tha t ,  when the  lithium concent ra t ion  is the  dominant o n e ,  a new c e n t e r  may be  
formed. D i r e c t  e v i d e n c e  for the formation of s u c h  a new c e n t e r  is reported a n d  d i s c u s s e d  in the  
E P R  s t u d i e s  of Sec t ion  11. For tuna te ly ,  the  recombination proper t ies  of the new c e n t e r  a r e  much 
less damag ing  than  t h o s e  of the A- or E-cen te r s .  

Fu r the r  corroboration of t h e s e  i d e a s ,  a s  we l l  as  ev idence  for t he  pa i r ing  of l i thium and  
oxygen*,  were  obta ined  in a n  exper iment  with cells which  were  pu rchased  a s  F.Z. cells, but  
which  had  more oxygen ( ac tua l ly  <, 3 x 101’/cm3) than  or ig ina l ly  supposed .  T h e  phosphorus  and  
added  l i th ium concent ra t ion  in  t h e s e  cells w a s  = 7 x 1015 /cm3  and  = 1 0 l 6 / c m 3 ,  r e spec t ive ly .  
Upon i r rad ia t ion ,  t he  d a t a  shown  in F ig .  10 were  obta ined .  T h e  va lue  of L in the  l i thium-diffused 
cells b e h a v e d  qu i t e  a l i k e  t h a t  in the  unt rea ted  cells; none  of the  cells showed  any  s u b s t a n t i a l  
recovery a f t e r  i r rad ia t ion .  Subsequen t  i soch rona l  annea l ing  measu remen t s  on s i m i l a r  cells re -  
vea l ed ,  however ,  t he  su rp r i s ing  behavior  shown in  F i g .  11. T h e  fraction of d a m a g e  f remain ing  
in the  shor t -c i rcu i t  cur ren t  measured  in fi l tered i n c a n d e s c e n t  l igh t  is s h o w n  for two  cells c u t  from 
the  s a m e  p a r e n t  c r y s t a l  and  i r rad ia ted  together to a flux of 1 x lo‘* e / cm2 .  T h e  cell d i f fused  with 
l i thium h a s  a n  annea l ing  behavior  much d i f fe ren t  from tha t  of the  unt rea ted  cell. T h e  l i th ium cell 
s h o w s  a primary annea l ing  s t a g e  a t  = 100°C a n d  a secondary  s t a g e  at = 225OC. Only  r eve r se -  
annea l ing  at = 225°C is s e e n  in t h e  unt rea ted  cell. I t  is e a s y  to unders tand  t h i s  behav io r  if t h e  
a n n e a l i n g  s t a g e  at l 0 O T  is a s s o c i a t e d  with t h e  E-cen te r ,  and  the  remaining s t a g e  (and the reverse- 
a n n e a l i n g  in t h e  unt rea ted  cell at = 225°C) with the  A-center.  T h e n ,  t he  argument is t h a t  l i thium 
pa i red  with the  oxygen in  t h e  ma te r i a l  to reduce  the  A-center  formation, and to e n h a n c e  the  re- 
main ing  in t e rac t ion ,  namely ,  the E-cen te r  formation. T h e  appa ren t  difficulty he re  w a s  t h a t  the 
(F.Z.)  ma te r i a l  shou ld  h a v e  con ta ined  l i t t l e  (2 1 0 1 6 / ~ m 3 )  oxygen. To re so lve  t h i s  d i f f icu l ty ,  t he  
oxygen c o n t e n t  w a s  c h e c k e d  by a 9-11 opt ica l  measu remen t ,  l 3  as w e l l  as by a h e a t  t rea tment14  

* For ocher direct evidence, see the EPR results of Fig. 6. 
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Fig. 10. Result of irradiation of Li-diffused F.Z. cells. 
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Fig. 11. Annealing behavior of Li-diffused F.Z. cells. 
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which  would  form donors  if oxygen were  present .  Both measurements  e s t a b l i s h e d  tha t  t he  mater ia l  
d id  indeed  con ta in  oxygen.  Only a n  upper  limit to t h i s  concent ra t ion  cou ld  b e  ob ta ined ,  however ,  
b e c a u s e  of free-carrier abso rp t ion  a n d  the  consequen t  d i f f icu l ty  i n  de te rmining  the  absorp t ion  due  
s o l e l y  to oxygen.  T h i s  upper l imit  w a s  3 x lO"/cm'. This exper iment ,  then, a d d e d  suppor t  to 
the  i d e a s  evo lv ing  in th i s  s tudy .  

I 

L o g i c a l i y ,  the  inves t iga t ion  rurned next to F.Z. p /n  cells i n  which  l i thium w a s  the dom- 
inan t  impurity in the  b a s e  region. I t  w a s  e s t a b l i s h e d  tha t  the  oxygen con ten t  of t h e  mater ia l  w a s  
<< 101'/cm3 and  the  phosphorus  con ten t  was  = 2 x 10i4/cm3. T h e  l i thium concen t r a t ion  nea r  t he  
junc t ion  w a s  de te rmined  from c a p a c i t a n c e  measurements  and  compared  wi th  the four-point-probe 
r e s i s t i v i t y  measurement  on the  b a c k s i d e  of the cell. T h e s e  measu remen t s  i nd ica t ed  the  l i thium 
dis t r ibu t ion  w a s  no t  uniform, r e su l t i ng  i n  a drift-field which  in itself s h o u l d  e n h a n c e  the  radiation- 
r e s i s t a n c e  of t h e s e  cells. However ,  t h e  magnitude of t h i s  f ie ld  w a s  computed  to b e  only of the  
order  of 1 V/cm;  t h i s  field is thus  too s m a l l  to affect the  r e s u l t s .  T h i s  conc lus ion  w a s  verified 
on o the r  cells f ab r i ca t ed  with a more uniform li thium dis t r ibu t ion .  T h e  r e s u l t s  wi th  t h e s e  cells 
were  s i m i l a r  to t h o s e  obta ined  with the cells hav ing  t h e  more nonuniform dis t r ibu t ion .  

1 I I I I I I l l  I I I I I I l l l  I I I I I I I I  

T h e  behavior  of L v s .  4 in a lithium-doped cell a n d  in a s t a n d a r d  cell is shown  in F i g .  12. 
T h e  s t a n d a r d  cell is def ined  as a F.Z. cell from the  group out  of which  the  l i thium-doped cell w a s  
made. T h e  rad ia t ion  r a t e  w a s  1 x 1014e /c rn2 /h r  or grea te r .  Pe r iod ica l ly ,  the i r rad ia t ion  w a s  s t o p p e d  
and  the  room-temperature recovery measured .  

cri L( /4  
40 I I 
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I t  is s e e n  that dur ing  i r rad ia t ion  the  damage  is in t roduced  at a comparab le  r a t e  in both 
c e l l s .  When bombardment is s topped ,  however ,  L recove r s  only  in  the  l i th ium cell. T h i s  recovery 
occur s  throughout the flux range shown ,  wheneve r  bombardment is s topped .  T h e  s t a n d a r d  cell 
b e h a v e s  anomalous ly  around 1 x 1015 e / c m 2  where  L d rops  rapidly wi th  flux a n d  then  r ecove r s  
somewhat .  T h i s  behavior is a t t r ibu ted  to movement of the  F e r m i  l e v e l ,  d u e  to car r ie r - removal  
sites in t roduced  by bombardment. T h e  in t roduct ion  r a t e  of t h e s e  sites may b e  = O.l/cm; thus ,  
101*/cm3 c a r r i e r s  are removed in t h i s  range ,  a number comparable  to t h e  i n i t i a l  donor  concen-  
tration of 2 x 1 0 1 * / d .  

I 

T h e  s ign i f i can t  f ea tu re s  of t h e  data in Fig. 12  a r e  tha t  the deg rada t ion  r a t e  in both cells 
during bombardment is s imi l a r  wi th  th i s  i r rad ia t ion  r a t e  a n d  tha t  t h e  l i th ium-di f fused  cell a l o n e  
r ecove r s  a f t e r  bombardment. T h e  appa ren t  rapid drop  in L in t h e  l i thium cell upon s u b s e q u e n t  
bombardment is ac tua l ly  due  to the manner  c h o s e n  to p resen t  the  data. An i n t eg ra t ed  flux scale 
is u s e d  for conven ience  to r ep resen t  t he  bombardment. S ince  the  recovery  s i g n i f i e s  a n  annea l ing  
of damage ,  s u b s e q u e n t  i r rad ia t ion  shou ld  then  b e  p lo t ted  on a new scale, i n s t e a d  of be ing  com- 
p r e s s e d  in to  a n  in tegra ted  flux scale. T h i s  compress ion  r e s u l t s  in a n  appa ren t ly  more rapid deg-  
rada t ion  than  d o e s  in fact e x i s t .  T h i s  is verified in  F i g .  13 where  the data in  F i g .  12 h a v e  been  
rep lo t ted  moving the recovered  va lue  of L backwards  in f lux  unt i l  i t  i n t e r c e p t s  t h e  same va lue  
obta ined  before the  bombardment w a s  s topped .  T h e  r e s u l t  of t h e s e  t r a n s l a t i o n s  is a smooth  cu rve  
which is close in value to t h e  one  for the  s t a n d a r d  cell. 

- o 4: 5 ~ 1 0 ' ~  TO 6.5 x IOt3 
v 5:  Z99 x IOt5 TO 2.4 x IOi4 

I I I I I I I l l  I I I I I I l l 1  I I I I  

T h e  recovery of L at room tempera ture  is shown  in  Fig. 1 4  for two f luxes .  T h e  recovery  
t i m e  is appa ren t ly  flux-dependent with the  longe r  t i m e  a s s o c i a t e d  wi th  t h e  h ighe r  flux. T h e s e  
data require further s tudy  to e s t a b l i s h  the  f lux-dependence  of the recovery  t ime c o n s t a n t .  

L (p) 
40 

A No Li CS(o) 
f INITIAL CURVE 
x 1: 9.92 x 1013 TO 1 x 1 0 ' ~  
2: 1.5 x lot4 TO I x 1013 

1 A 3: I xIOt5 TO 2 . 5 ~ 1 0 ' ~  

lot3 lot4 

Fig. 13. Adiusted plot of L vs. C$ (Figure 12). 
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Fig. 14. Recovery of L at room temperature for two fluxes. 

IO 

T h e  effect of temperature  on the  recovery is shown i n  Fig. 15 for ano the r  l i thium-doped 
cell. T h e  room-temperature recovery w a s  measured a f t e r  1 x 1014 e /cm2 .  T h e  s a m p l e  w a s  then 
i r r ad ia t ed  to 2 x 1014 e / c m 2  a n d  p l aced  i n  an  ice bath at  0°C for 65 minutes .  After  t h i s  t ime,  the  
s a m p l e  w a s  removed a n d  t h e  room-temperature recovery measu red .  Very l i t t l e  recovery occurred 
at OT, but  w h e n  the  s a m p l e  warmed to room temperature ,  i ts  recovery c l o s e l y  fol lowed the  case 
where  t h e  s a m p l e  w a s  no t  c o o l e d  a f t e r  i r rad ia t ion .  T h u s ,  t h e  d a t a  a f t e r  the ice ba th ,  when t rans-  
l a t ed  b a c k w a r d s  by 60 minu tes ,  falls on the  c u r v e  ob ta ined  in i t i a l ly  a t  room temperature .  

T h e  d a t a  in Fig. 15 a re  replot ted as (L-Lo)/(L,,-Lo) on a s e m i l o g  p lo t  in Fig. 16. T h e  
in i t i a l  diffusion l eng th  is L o ,  a n d  i ts  va lue  immediately a f t e r  bombardment is L A B .  T h e  room- 
temperature  d a t a  in i t i a l ly  follow an  exponen t i a l  r e l a t ionsh ip  with t ime, b reak ing  off in to a s e c o n d -  
order  r e l a t ionsh ip  at  longe r  t imes.  T h e  time c o n s t a n t  r for t he  i n i t i a l  recovery is 57 minu tes .  If 
i t  is a s s u m e d  tha t  t h e  ice-bath d a t a  a r e  a l s o  exponen t i a l ,  r a t  O T  would b e  480 minutes .  T h e  r a t i o  
r O 0 / r R T  is 8.4, a v a l u e  very close to t h e  inve r se  r a t i o  of t h e  l i thium diffusion c o n s t a n t  at t h e s e  
temperatures ,  which  is 9.  T h i s  r e s u l t  s t rongly s u g g e s t s  tha t  t he  recovery p r o c e s s  is d u e  to the  
movement of l i thium to (or from) t h e  radiation defects, a s s u m i n g  t h e s e  d e f e c t s  t h e m s e l v e s  do n o t  
move s u b s t a n t i a l l y  during recovery.  A s  d i s c u s s e d  below,  t h i s  r e s u l t  is important  i n  e s t a b l i s h i n g  
a model  of the  l i thium interact ion.  

Although only the  behav io r  of L w a s  c o n s i d e r e d  up to now, s i m i l a r  behav io r  w a s  also 
s e e n  in  the  pho tovo l t a i c  propert ies  of t h e  cells. F i g u r e  17 i l l u s t r a t e s  tha t  t he  sho r t - c i r cu i t  
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Fig. 17. Short-circuit current as a function of irradiation. 

cur ren t  I s c  measured  in f i l t e red  incandescen t  light also recovered  when t h e  bombardment is 
s topped .  The same behavior was  observed in the maximum power output  P,,, as s h o w n  in  F ig .  18. 
T h e  l i thium-doped cell w a s  in i t i a l ly  8.6% eff ic ien t ;  when  a l lowed to recover  for 112 hours  a f t e r  
1 x l 0 l 6  e /cm2  ( a  flux which  r e d u c e s  the s t anda rd  cell's e f f ic iency  e s s e n t i a l l y  to zero) ,  its 
e f f i c i ency  w a s  still 6.6%! 

B e c a u s e  the  bombardment ra te  is an important fac tor  i n  the obse rved  behav io r  of t h e s e  
cells, an exper iment  w a s  performed at t w o  different r a t e s  to compare  a li thium-diffused cell wi th  
commerc ia l  Q.C. n/p a n d  p /n  cells. The bombardment rate was  
a r a t e  which  is cons ide rab ly  h igher  than  that commonly obse rved  i n  space satellites. Con t inued  
i r rad ia t ion  at  the  low r a t e  w a s  imprac t icable  in te rms  of mach ine  t ime,  s o  t ha t  t he  ra te  w a s  in- 
c r e a s e d  by a fac to r  of 100. F igure  19 shows  how Pm, var ied  as a func t ion  of +. Very little c h a n g e  
occur red  in e i t h e r  t h e  l i thium-diffused or the n / p  cell up  to 1 x lo'* e / cm2 .  A t  the  h ighe r  irra- 
diation ra t e  and  f luxes ,  however ,  P, i n  the l i thium-doped cell fell below t h a t  of t h e  n /p  cell, 
bu t  i t  recovered  ove r  t he  weekend to exceed  the  performance of the  n / p  cell! A t  r a t e s  of 
5 x lo1' e / cm2/h r  or be low,  l i thium apparently h a s  su f f i c i en t  t ime to i n t e r a c t  wi th  the  induced  
d a m a g e  cen te r s .  T h e  damage  c e n t e r s  a r e  introduced too rapidly a t  the  h igh  r a t e ,  however ,  a n d  
l i th ium canno t  d i f fuse  fast enough to neu t r a l i ze  them. ( T h i s  recovery  would b e  e x p e c t e d  to 
a c c e l e r a t e  as the cell tempera ture  was  increased . )  T h i s  exper iment  s u g g e s t s  t h e  l i thium-diffused 
cell, i f  i r rad ia ted  s lowly  enough (for example,  at  r a t e s  found in  s p a c e ) ,  would  e x c e e d  t h e  n / p  
cell i n  rad ia t ion  r e s i s t a n c e  e v e n  dur ing  radiation. 

5 x lo'* e/cm2/hr to 1 x lo'* e/cm2/hr, 
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Fig. 18. Maximum power output as a function of irradiation. 
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Fig. 19. Maximum power output as a function of flux. 
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T a b l e  I summar izes  the  e l ec t r i ca l  performance of t h e s e  cells in  both f i l t e red  i n c a n d e s c e n t  

I S C  

(mA) 

5 1  

56.4 

60.3 

l i g h t  a n d  in  sunl ight .  

77 I sc  7 I s c  77 Is c 77 
(%I (mA) (%I (mAI (XI (mA) (%I 

10.7 49.3 10.5 33 5.8 47 8.9 

10.5 50.3 9.6 40 7.6 40 7.7 

12.4 34.8 7.0 24 4.4 24.3 4.6 

T A B L E  I 

COMPARISON O F  1 x 2 crn SOLAR CELLS 

Li p/n 

n/p; = 2 Qcm 

p/n; = 2 a-cm 

I N I T I A L -  

1 Low Rate I Hiah Rate I Davs 
I I - 

I I I I I I 
I 

A F T E R  2 D A Y S  
SUN L l G H  T 

7.5 

T h e  s p e c t r a l  r e s p o n s e  dataof t h e  above  cells a r e  shown  in F i g s .  20  and  21. T h e  n / p  cell 
is n o t  shown s i n c e  i ts  behavior  w a s  qua l i ta t ive ly  s imi l a r  to the  behavior  of the  p /n  cell. T h e  
s p e c t r a l  r e s p o n s e  of the  l i thium-diffused ce l l  (F ig .  20) d id  n o t  c h a n g e  at the  s l o w  bombardment 
r a t e  u p  to a flux of 6.8 x 10l3 e /cm2 .  After t h e  high-rate bombardment of 1 x 10'5 e / c m 2 ,  a 
s i g n i f i c a n t  loss in red r e sponse  occurred ,  but the  red r e s p o n s e  recovered  wi th  t ime, as  shown. 

N.R. 

x AFTER 2 . 5 ~ 1 0  
BOMB RATE - 5 x IO 

0 AFTER 5x1Ol3 
SAME RATE 

SHAPE WHILE TAKING SAME RATE 
o 15 HRS. LATER 
v AFTER I x 1 0 ' ~  

BOMB RATE - 5 x lOl4 
- 0 -  15 MIN. LATER 

1.0 1.2 I .4 1.6 1.8 2.0 2.2 2.4 2.6 2.0 3.0 
Eph (ev) 

Fig. 20. Spectral response of 1-cm x 2-cm solar cell (LiCS SiO-586). 
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T h e  s l i g h t  change  of s h a p e  in the  cu rve  for 1 x 1015 e / c m 2  is no t  c o n s i d e r e d  s ign i f i can t ;  i t  w a s  
probably d u e  to a n  ins t rumenta l  effect. T h e  p/n-cell  (F ig .  21)  behaved  as  e x p e c t e d ;  its red  re- 
s p o n s e  d e c r e a s e d  with bombardment and  in no i n s t a n c e  d i d  i t  recover.  

N.R. 
1.0 

0.8 

LOW BOMB RATE - 5 ~ 1 0 '  

SAME RATE 

0.4 SAME RATE 

0.6 0 AFTER 5 ~ 1 0 ' 3  

A AFTER 6.8 XIOi3 

o 15 HRS. LATER 
v AFTER I x toi5 

HIGH BOMB RATE - 5 ~ 1 0 ' ~  
t 67 HRS. LATER 

0.2 

0 
1.0 1.2 1.4 I .6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 

Eph (eV) 

Fig. 21. Spectral response of 1-cm x 2-cm solar cell (BoFH 9 p/n). 

Fur the r  ev idence  for a l i thium-damage-center i n t e rac t ion  w a s  ob ta ined  in i soch rona l  
annea l ing  s t u d i e s .  The  r e s u l t s  of o n e  s tudy  involving a li thium-diffused and a s t a n d a r d  cell 
i r rad ia tedwi th  a flux of 1 O l 6  e / c m 2  is shown  in  F ig .  22. T h e  f r ac t ion  of damage  f remaining in  
I s c  a f t e r  10-minute i soch rona l  a n n e a l s  is p lo t ted  a g a i n s t  temperature.  A reverse-annea l ing  s t a g e  
cen te red  at t75OC occur s  in  the l i thium-diffused cell a n d  n o t  in the  s t a n d a r d  cell. Such  a s t a g e  
h a s  no t  been observed  before  in  annea l ing  s t u d i e s  of e lec t ron- i r rad ia ted  s o l a r  cells. The re fo re ,  i t  
is infer red  tha t  t h i s  s t a g e  is d u e  to a new c e n t e r  w h o s e  tempera ture  s t a b i l i t y  is not  as g r e a t  as 
tha t  of prev ious ly  s tud ied  c e n t e r s .  A l so  noteworthy is t h a t  both cells a n n e a l  in the s a m e  fa sh ion  
a b o v e  = 100OC. (Since some damage  is still apparent  at 225°C a higher-temperature annea l ing  
s t a g e  may also exist .)  T h i s  behavior  of the  cells s u g g e s t s  t h a t  t h e  r e s i d u a l  damage  is s imi l a r  
i n  both. Based on publ i shed  annea l ing  s t u d i e s , 1 5  o n e  is tempted  to ident i fy  the  r e s i d u a l  d a m a g e  
in  pa r t  with the  E-center. T h i s  i den t i f i ca t ion  s u g g e s t s  o n e  model for t h e  l i thium-damage-center 
in te rac t ion .  Irradiation p roduces  v a c a n c i e s  which a re  t rapped  by subs t i t u t iona l  phosphorus  a toms.  
Li th ium d i f f u s e s  to ,  and  p a i r s  with,  s o m e  of t h e s e  nega t ive ly  c h a r g e d  c e n t e r s ,  reducing  the i r  
recombination c r o s s  s e c t i o n s .  Any unpai red  c e n t e r s  r e s u l t  i n  r e s idua l  damage. T h e  n e w  
Li -E-center  complex h a s  a l o w  b inding  energy ,  s o  tha t  i t  b r e a k s  u p  at tempera tures  a round 75"C, 
l i t h ium di f fus ing  away, wi th  c o n s e q u e n t  i n c r e a s e d  damage  d u e  to t h e  i n c r e a s e d  number of unpa i r ed  
E-centers .  Above 1OO"C, the  E-cen te r  itself b r e a k s  up; t he  v a c a n c y  d i f f u s e s  away  and  is annihi-  
l a t ed ,  and  t h e  res idua l  damage  is annea led .  T h i s  model a n d  o t h e r s  a r e  d i s c u s s e d  more fully below. 
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Fig. 22. 
Fraction of remaining 
damage (9 as a func- 
tion of temperature. 

I t  must be emphasized that the reverse-annealing damage in the lithium-diffused cell 
was  not  large enough to affect its relative superiority over  the s tandard cell. T h i s  fact is demon- 
s t ra ted  in Fig.  23 where the ac tua l  short-circuit current, ins tead  of the fraction damage left, is 
plotted. I t  is apparent that  the performance of the lithium-diffused ce l l  far e x c e e d s  that  of the 
s tandard cell even consider ing the reverse-annealing damage. 
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Isothermal annea l ing  measu remen t s  were  also made to de te rmine  t h e  ac t iva t ion  energy  for  
annea l ing  of the  de fec t s  involved .  T h e  r e s u l t s  of o n e  s u c h  measu remen t  at 80°C is shown  in  
F ig .  2 4 .  Although the reverse-annea l ing  s t a g e  of the l i thium-doped cell is s e e n  to occur ,  t he  cell 
recovers  from even  th i s  damage  dur ing  t h e  pe r iods  of the  expe r imen t  i n  which  t h e  cell w a s  at 
room temperature.  The ve r t i ca l  a r rows  n e a r  t he  data s h o w  the  d i r ec t ion  of t h i s  recovery.  No s u c h  
behavior  w a s  s e e n  in  t he  s t a n d a r d  cell. T h e  s c a t t e r  r e su l t i ng  from t h e  behavior  of the  l i thium- 
d i f fused  cell unfortunately made  s u b s e q u e n t  a n a l y s i s  for  t h e  ac t iva t ion  energy  for annea l ing  of 
the  defect imposs ib le .  

ISOTHERMAL ANNEALING X 

X 

x 
f I  

T=78-8I0C x 

x-x X X 
X X \ 

Li  CS SiO-587#3 
+T = I x t0I6e/cm2 

X 

o*8 t NO ~i isxi 
+T = 8.9 x 10I3e/cm2 

1 
OT I I 1 I I I I l l  I I I I 1 1 1 1 1  I I I  

I IO 100 500 
t (min) 

Fig. 24. Isothermal annealing measurements. 

2. Proton Irradiations 

Lithium-diffused and  s t a n d a r d  p /n  cells were  compared  wi th  commerc ia l  Q.C. p/n a n d  
n/p cells in a 16.8-MeV proton irradiation. Suf f ic ien t  t ime w a s  n o t  a v a i l a b l e  to r educe  and  
a n a l y z e  the  data, inc luding  e s t a b l i s h i n g  the  f lux  scale, at the  t ime of t h i s  report ,  bu t  compara- 
t i ve  data ob ta ined  with a f i l t e r ed  i n c a n d e s c e n t  l i gh t  c a n  be g iven .  

T h e  i n i t i a l  va lues  of the  var ious  cell p rope r t i e s  a r e  l i s t e d  i n  T a b l e  11. T h e  pho tovo l t a i c  
ou tpu t s  were  measured  in  sun l igh t .  Most of the  cells had  a h igh  conve r s ion  e f f i c i ency ,  and  
approximately the  s a m e  re s i s t i v i ty  in  the v ic in i ty  of the  junc t ion ,  wi th  the  excep t ion  of the  
s t anda rd  p/n cells. 
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TABLE I1 
I N I T I A L  C E L L  P R O P E R T I E S  

I 
PROPERTY ii p i n  ' STE. p i n  

p* ( f l -cm)  2-5 11-12 

COM. p/n ' COM. n/p 1 

0.3-1.8 1.8-2.3 

~~ ~~~ 

A v e r a g e  J s  (mA/cm2)  

'I (%) 

I J s  ( n A / c m 2 )  I 26-32.2 I 27.2-30.4 I 28.4-30.2 I 30.2-32.0 I 
30.2 29.1 28.9 31.2 

5.8- 1 2.1 6.8-9.6 11-12.6 11.8-12.8 

A v e r a g e  7 (%) 9.1 8.2 11.8 12.3 

T h e  f r ac t iona l  c h a n g e  in  I , ,  and  P,,, a r e  shown in  F i g s .  25 a n d  26 as  a function of 
flux. Both f igures  show the  s t a n d a r d  p/n c e l l s  to be  surpr i s ing ly  rad ia t ion- res i s tan t ,  ce r t a in ly  
d u e  in  pa r t  to the i r  h igher  b a s e  r e s i s t i v i ty ,  and  show that t he  l i thium-doped cells immedia te ly  
a f t e r  i r rad ia t ion  a r e  comparable  in performance to the  n /p  cells. T h e  commerc ia l  p/n cells a r e  
in fe r io r  to the  o the r  cells. T h e  l i thium-doped cells began to r ecove r  a f t e r  i r rad ia t ion  and  the  
f igu res  show the  remarkable  recovery of t hese  cells i n  t en  d a y s .  No o the r  cell s h o w e d  s u c h  re- 
covery .  I t  is e v i d e n t  t h a t  l i thium also in t e rac t s  wi th  proton-induced damage  in a f a sh ion  tha t  is 
s imi l a r  to the  electron-bombarded case. A low bombardment r a t e  may thus  r e s u l t  in a lmos t  no  dam-  
a g e  to t h e  l i thium cells at l e v e l s  of e v e n  5 x 10" p/cm2.  

1 I I I I I I I  I I I I I I I I I  I I 1  

1.0 

.a 

-13.6- 

.4 

Li p/n ( X  1 AFTER IO DAYS 
/ - 

- 

- 

.2 

0 

Fig. 25. Is= as a function of flux of 16-MeV protons. 

16.8 MeV PROTONS 

- - 

I I I I l l l l l  I I I I I I I I  I I I  
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Fig. 26. Pmax as a function of flux of 16.8-MeV protons. 
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3. Gamma Irradiations 

A low-level gamma i r rad ia t ion  w a s  s t a r t ed  in order  to conf i rm whether  or  no t  lithium- 
d i f f u s e d  cells wi l l  b e  supe r io r  to n / p  cells if i r rad ia ted  s lowly .  T h e  gamma s o u r c e  is a s p e n t  
f i s s i o n  e l emen t  located at the  Indus t r i a l  Reac tor  Labora tory ,  P l a insboro ,  N.  J .  T h e  e f f ec t ive  
gamma energy is 0.8 MeV, a n d  t h e  dose rate is 2.2 x IO4 rads/hour.  

T h e  f rac t iona l  c h a n g e  in  I,, measured in  f i l t e red  i n c a n d e s c e n t  l i gh t  is s h o w n  in Fig. 27 
for t h e  four cells in the  test. T h e  commercial  p/n cell is c l ea r ly  in fe r io r  to the o the r  t h ree  cells. 
T h e  o the r  d a t a  c l u s t e r  toge ther ,  but t he re  i s  a s u g g e s t i o n  tha t  t he  n / p  cell is somewha t  be t t e r  
than e i t h e r  the  l i thium-diffused or the  s t anda rd  cell. Othe r  expe r imen t s  at h igher  d o s e  r a t e s  
a r e  p l anned  to see if t h e  behavior  of the  lithium-doped cell is poss ib ly  d i f fe ren t  unde r  gamma 
irradiation. 

E. DISCUSSION 

Li th ium h a s  been  found to h a v e  a profound and  bene f i c i a l  effect on the  damage  behav io r  
of F.Z. p /n  s o l a r  cells. T h e  ques t ion  a r i s e s  as  to the  mechanism through which  t h i s  effect 
occur s .  To be  comprehens ive ,  any  model of the  l i thium-damage in t e rac t ion  mus t  exp la in  the  fol- 
lowing  s a l i e n t  f ea tu re s  of t h e  exper imenta l  r e su l t s .  

1. T h e  annea l ing  behavior  of oxygen-containing cells is modified by the  p r e s e n c e  of 
l i thium in  concen t r a t ions  comparable  to the e x i s t i n g  phosphorus  concent ra t ion .  T h e  modification 
c o n s i s t s  of the  p r e s e n c e  of a prominent annea l ing  s t a g e  at = 100°C which is n o t  found in  s imi l a r  
cells which  do n o t  con ta in  lithium. 

2. T h e  e l ec t ron -  and  photo-voltaic r e s p o n s e  of F.Z. cells in  which  the l i thium concen-  
tration e x c e e d e d  t h e  e x i s t i n g  phosphorus  concent ra t ion  degraded  only  s l i gh t ly  where  i r rad ia ted  
at a l o w  rate. At  a h igh  i r rad ia t ion  r a t e ,  the r e s p o n s e  of the  l i th ium cells degraded  during bom- 
bardment at a r a t e  very s imi l a r  t o  t h a t  found in cells made  from the  s a m e  mater ia l  wi thout  l i thium. 

3. T h e  d i f fus ion  l eng th ,  s p e c t r a l  response ,  shor t -c i rcu i t  cu r ren t  a n d  maximum power  
output  of the  l i thium cells recovered  by a s u b s t a n t i a l  amount from the  damage  in t roduced  at a 
high ra te  by ene rge t i c  e l e c t r o n s  and protons. T h e  r e s i d u a l  damage  in  the  l i thium cells a f t e r  
recovery w a s  much less than  tha t  found in  s imi l a r  cells which  d id  n o t  con ta in  l i thium. 

4 .  T h e  t ime  c o n s t a n t  fo r  t h e  recovery of t h e  d i f fus ion  l eng th  in  the l i thium cells a f t e r  a 
high-rate bombardment i n c r e a s e d  wi th  flux. T h e  recovery t ime c o n s t a n t  w a s  apparent ly  inve r se ly  
proportional to the  diffusion c o n s t a n t  of lithium. 

5. A reverse-annea l ing  s t a g e  at = 75°C occurred  in the  bombarded l i thium cells. When 
the  tempera ture  w a s  r educed  to room temperature, however ,  t h e  l i th ium cells s u b s e q u e n t l y  re- 
cove red  from the  reverse-annea l ing  damage. 

6. An a n n e a l i n g  s t a g e  occurred  at =lOO°C which  w a s  qua l i t a t ive ly  s imi l a r  i n  both t h e  
l i thium cell a n d  the  o n e  made  from the  same mater ia l  wi thout  l i thium. S i n c e  s o m e  of the  damage  
remained at =225"C, another  higher-temperature annea l ing  s t a g e  may e x i s t  i n  both cells. 
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7. D e s p i t e  the q u a l i t a t i v e  s imi la r i ty  in  annea l ing ,  t he  magn i tude  of the  damage  wh ich  
remained at any  temperature w a s  much less in t h e  l i thium cell than  in  t h e  undoped cell. 

Of all t h e s e  r e su l t s ,  i t em 1 is the  easiest to expla in .  I t  is well-known tha t  l i th ium p a i r s  
with oxygen i n  si l icon. 
in te rac t ion  wi th  radiation-induced vacanc ie s .  AS a resu l t ,  t he  v a c a n c i e s  p a i r  wi th  phosphorus  to 
form E-centers .  T h e  degrada t ion  of the lithium-doped and  undoped  cells is comparable  b e c a u s e  
the  introduction r a t e s  of the  E- and  the  A-center a r e  comparable .  T h e  E- a n d  the  A-centers ,  how- 
ever ,  annea l  at d i f f e ren t  tempera tures ,  namely =lOO°C a n d  =25OoC, r e spec t ive ly .  T h i s  model is 
c o n s i s t e n t  wi th  t h e  r e s u l t s  ob ta ined  in t h e s e  exper iments ,  as w e l l  as with sp in - re sonance  work 
on s imi l a r  mater ia l ,  d i s c u s s e d  i n  Sec t ion  11, and  wi th  pub l i shed  s t u d i e s . l 6 , l 7  

T h i s  pa i r ing  r educes  the  amount  of oxygen  a v a i l a b l e  for s u b s e q u e n t  

T h e  o ther  items are no t  as e a s i l y  unders tood  at t h i s  t ime, bu t  a model c a n  b e  d e v e l o p e d  
which  is c o n s i s t e n t  with them. T h e s e  r e s u l t s  a r e  cer ta in ly  man i fe s t a t ions  of a new in t e rac t ion  
with radiation-induced d e f e c t s ,  i.e., a new c e n t e r  involv ing  lithium. T h e  formation of t h i s  c e n t e r  
conce rns  u s  here.  

T h e  model which i s  p roposed  p o s t u l a t e s  t ha t  l i th ium i n t e r a c t s  with a d e f e c t  which  is  
immobile at room temperature. At  least two s u c h  d e f e c t s  a r e  known in n-type, F.Z. s i l i c o n ,  
namely the  d ivacancy  (C-center) and  t h e  E-center.  Both of t h e s e  c e n t e r s  c a n  b e  formed in  the  
mater ia l  u s e d  in  th i s  s tudy  b e c a u s e  the  C-center  is an i n t r i n s i c  de fec t ,  and  b e c a u s e  s o m e  phos -  
phorus  (=2 to 4 x 101*/cm3) is p r e s e n t  for t he  formation of the  E-center .  In the  p roposed  model ,  
the  new c e n t e r  is formed in the  following fashion. Rad ia t ion  i n d u c e s  d i v a c a n c i e s ,  and  v a c a n c i e s  
which complex wi th  e a c h  o the r  o r  wi th  phosphorus  to form C- a n d  E-centers .  L i th ium,  in t ime, 
d i f fuses  to a n d  p a i r s  w i th  t h e s e  nega t ive ly  cha rged  c e n t e r s  to form a new en t i ty  or c e n t e r  wh ich  
may be  e i t h e r  a lithium-E, a lithium-C, o r  s o m e  o the r  complex  formed from t h e  p reced ing  two; 
e.g., a lithium-vacancy cen te r .  T h e  exper imenta l  r e s u l t s  i n d i c a t e  t h a t  both the  C- a n d  E-cen te r s  
form. T h e  d ivacancy  c a n n o t  be t h e  sole immobile defect b e c a u s e  i t s  d i r e c t  in t roduct ion  r a t e  is 
too low at 1 MeV* and b e c a u s e  i t  is stablela at t empera tu res  up  to 3OO0C, and ,  h e n c e ,  would 
b e  unab le  to accoun t  f o r  an annea l ing  s t a g e  at 100°C. T h e  E-center ,  on the  o the r  hand ,  mus t  be 
another  of t h e  d e f e c t s  wh ich  is involved  b e c a u s e  of its h igh  in t roduct ion  r a t e  and  its ab i l i ty  to 
a n n e a l  at 100°C. 

T h e  new cen te r  is pos tu l a t ed  to be ine f fec t ive  in t h e  recombina t ion  of minority ca r r i e r s .  
In a low-rate bombardment, i t  forms when li thium moves  to the  immobile C- and  E-centers .  High  
bombardment r a t e s  create a nonequilibrium s i tua t ion  b e c a u s e  t h e  l i th ium does n o t  d i f f u s e  fast 
enough to i n t e r a c t  with the  immobile defec ts .  S i n c e  t h e s e  defects a r e  no t  ‘ (neu t r a l i zed , ”  t h e  
lithium-doped cell in t h i s  state b e h a v e s  l i k e  an  undoped cell made  from s imi l a r  mater ia l .  T h e  
nonequilibrium s i tua t ion  i s  co r rec t ed  in t ime, however,  by the  pa i r ing  of l i thium wi th  the  immobi le  
defect, r e su l t i ng  in a recovery  o f  t he  l i thium-doped cell, a f t e r  t he  c e s s a t i o n  of the  e l ec t ron  
bombardment. 

T h e  s t ab i l i t y  of  t h i s  new c e n t e r  is s u c h  tha t  i t  b r e a k s  u p  at ~ 7 5 ° C  wi th  the  motion of 
l i thium away from the immobile defects. T h e  s u b s e q u e n t  recovery  at room tempera ture  is d u e  to 

8 

*The possibi l i ty  e x i s t s ,  of course.  that i t s  indirect rate, i.e.,  the combination of two vacancies ,  may be high in th is  
material; s e e  Section I-B. 
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t he  re-pairing of l i thium wi th  t h e  immobile defec ts .  S i n c e  t h e  n e w  defects d i s s o c i a t e  at 75OC 
and above ,  i t  is e x p e c t e d  tha t  t he  high-temperature annea l ing  in  the lithium-doped and  t h e  undoped 
cells wi l l  be qua l i t a t ive ly  s imi l a r  b e c a u s e  the r e s idua l  d a m a g e  is then  in  effect the  s a m e  in  both 
C ~ S ;  i.e., E- and  C- centeis. 

T h e  model involv ing  an i n i t i a l  immobilization of t h e  v a c a n c y  a n d  a s u b s e q u e n t  pa i r ing  
in te rac t ion  with l i thium a p p e a r s  to best f i t  the expe r imen ta l  r e s u l t s  g iven  here. Whether the  
pa i r ing  r e s u l t s  in a Li -E-center ,  a Li-C-center, or s o m e  o the r  combina t ion  s u c h  as a li thium- 
vacancy ,  mus t  be decided by a quan t i t a t ive  compar ison  of the  d a m a g e  in the  l i thium-doped a n d  
undoped cells made  from s imi l a r  mater ia l ,  a s  we l l  as  by sp in - re sonance  s t u d i e s .  A q u a n t i t a t i v e  
compar ison  s h o w s  tha t  t h e  r e s i d u a l  damage  in t h e  l i thium-doped cell, even  during the  r eve r se -  
annea l ing  s t a g e  w a s  a l w a y s  much less than tha t  in t h e  un t r ea t ed  cell. O n e  mus t  a rgue  then ,  t h a t  
the  pa i r ing  r e s u l t s  in a c e n t e r  which  may not s imply  b e  a li thium-E or a li thium-C-center bu t  
s o m e  o t h e r  combina t ion  s u c h  as  a li thium-vacancy center .  T h e  E- a n d  C-centers  would then  s e r v e  
only a s  c a t a l y s t s  which  immobi l ize  the  vacancy  and  promote its reac t ion  with the  lithium. Such  
an  in te rpre ta t ion  would then  be  in agreement wi th  t h e  sp in - re sonance  measu remen t s  repor ted  
e l s e w h e r e  in which  a n e w  spec t rum is s e e n  toge ther  wi th  the  r e s o n a n c e  spec t rum of phosphorus  
as  a donor;  n o t  t he  s l i g h t e s t  t r ace  o f  any E- or C-cen te r s  w e r e  obse rved  in  the  measurement.  

I t  might be a rgued  tha t  an  immobile d e f e c t  is n o t  i n i t i a l ly  required in the  formation of t h e  
new c e n t e r  if t he  e n d  r e s u l t  of t h e  in te rac t ion  is simply a l i th ium-vacancy  complex. T h e  exper i -  
menta l ly  obse rved  behavior  of t h e  l i thium cells, inc lud ing  the bombardment r a t e  and  recovery  
effects, would be  very d i f f i cu l t  to unders tand ,  however ,  if i t  is a s s u m e d  tha t  the  new c e n t e r  is 
a li thium-vacancy complex  and t ha t  i t  is formed d i rec t ly  dur ing  i r rad ia t ion  without a n y  inter-  
med ia t e  s t e p s .  T h e  r eason  for t h i s  is t h a t  while t h e  s o l a r  cell recovery t ime is on the  o rde r  of 
hours ,  t he  Li -vacancy ,  if formed d i r ec t ly ,  should  form a lmos t  i n s t an taneous ly  s i n c e  both l i th ium 
and v a c a n c i e s  a r e  mobile,  and  t h e  nega t ive ly  cha rged  v a c a n c y ’  
pos i t i ve ly  cha rged  l i thium. Hence ,  a model pos tu l a t ing  t h e  d i r e c t  i n t e rac t ion  of l i th ium a n d  
v a c a n c i e s  dur ing  i r rad ia t ion  wi thout  any  in te rmedia te  s t e p s  is n o t  l ike ly .  

shou ld  pa i r  readi ly  wi th  t h e  

I t  is obv ious  t h a t  more exper imenta l  work is requi red  to exp la in  what  o c c u r s  in  lithium- 
doped  cells dur ing  i r rad ia t ion .  
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IV. SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS 
FOR FUTURE WORK 

A. THE K-CENTER 

The bas ic  properties of the K-center, the dominant center  produced by electron irradiation 
in p-type s i l icon ,  have been wel l  es tab l i shed .  T h e  center  is formed by a complex of vacancies  
and oxygen atoms. I t  is, in its “normal state”, a hole trap and i t  h a s  a n  energy leve l  0.3 e V  
above the valence band. Preliminary measurements have  indicated a reverse-annealing at about  
250%, followed by normal anneal ing of the damage to very low leve ls  by 4 5 0 T .  A physical  model 
for the  K-center, based on a variety of experimental  resu l t s ,  is offered in terms of  a complex of 
two vacancies  and two oxygen atoms which have trapped a hole. 

Future  experimental work should center  on the very interest ing anneal ing behavior. T h e  
de ta i l s  of the reverse-annealing reported here should be s tudied.  T h e  kinet ics ,  act ivat ion energy,  
and if poss ib le  the mechanism of the anneal ing should be elucidated.  Other means,  s u c h  as  opt ica l  
measurements,  in  addition to e lec t r ica l  and E P R  measurements should be employed if found nec- 
essary  and practicable.  

B. LlTH 1l.JM.DE FECT INTERACTIONS 

T h e  discovery of s t rong lithium-defect interact ions and their pronounced effects on solar 
cells and E P R  spectra  open an extremely fert i le f ield of research. In this  sec t ion  we will  sum- 
marize briefly some of our findings and s u g g e s t  future experiments that  will ,  hopefully, further 
clarify the physics  of t h e s e  interactions and perhaps enhance even more the beneficial  effects 
we have observed in so la r  cell performance. 

1. EPR Studies 

T h e  E P R  experiments have shown directly that  when lithium is the dominant dopant i n  
n-type s i l icon ,  exceeding by far the oxygen and phosphorus concentrat ions,  lithium-damage center  
interact ions readily occur. By directly we mean the observation of a new paramagnetic center  
which is present  only when both lithium and damage centers  a re  present  in  the s i l icon.  T h i s  new 
center ,  the L-center, h a s  a n  introduction rate of approximately 0.5/cm. I t  d o e s  not involve phos- 
phorus or oxygen, although these impurities may be involved in the  mechanism of the L-center’s 
formation. Certainly the effect of the concentration of these  impurities on L-center formation 
should be s tudied in  the future. T h i s  should be qui te  e a s y  to d o  s i n c e  both have  their  own iden- 
tifiable paramagnetic resonance. Also,  L-center introduction ra tes  should be measured as funct ions 
of the various impurity concentrations and bombardment flux levels .  

T h e  L-center resonance c o n s i s t s  of  one l ine with no discernible  angular dependence. It 
produces a n  electr ical  l eve l  that  is quite shal low,  probably 0.03 - 0.06 e V  below the conduction 
band. T h e  binding energy of the L-center must be quite low, s i n c e  i t  d e c r e a s e s  spontaneously at 
room temperature and annea ls  very rapidly at temperatures as low as 80%. T h e s e  anneal ing 
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expe r imen t s  s h o u l d  be  pursued  in  t h e  future by both E P R  a n d  r e s i s t i v i ty  measurements .  If pos-  
s i b l e ,  a c t i v a t i o n  a n d  binding e n e r g i e s  should b e  de te rmined  by i sochrona l  and  i so the rma i  measure-  
ments .  

At  t h i s  t ime,  the  two  major ques t ions  to b e  answered  s h o u l d  be  ( 1 )  what  does the  L-cen te r  
c o n s i s t  of, a n d  (2) what ,  if a n y ,  connec t ion  e x i s t s  be tween  the l i thium-damage-center i n t e rac t ions  
as  measured  by E P R  a n d  the  effects of lithium on a s o l a r  cell’s rad ia t ion  r e s i s t a n c e ?  

2. Increased Radiation Resistance of Solar Cells 

Solar  cells made from n-type F.Z. s i l icon  in  which  the predominant dopan t  is li thium h a v e  
a much g rea t e r  r ad ia t ion - re s i s t ance  to e l ec t rons  a n d  pro tons  than  ordinary commerc ia l  cells. T h i s  
r e s i s t a n c e  t a k e s  two  forms. T h e  f i r s t  is a post-irradiation recovery in a time of s e v e r a l  hour s ;  the  
recovery  is a lmos t  comple t e  for low flux levels a n d  is s u b s t a n t i a l  for h igher  flux l e v e l s ;  in all 
cases the  deg rada t ion  remaining in l i thium c e l l s  at a g iven  t ime a f t e r  the i r rad ia t ion  is much less 
than in  cells wi th  no  li thium. T h e  s e c o n d  is a much lower  degrada t ion  r a t e  dur ing  bombardment of 
l i th ium-conta in ing  cells than is cur ren t ly  found for cells which  d o  n o t  con ta in  l i thium, when  the  
bombardment r a t e  is low. I f  the bombardment rate i s  suf f ic ient ly  low (but s t i l l  higher than that 
expec ted  in s p a c e )  hardly any degradation is observed  in the lithium-containing c e l l s .  Obvious ly ,  
if the  f lux  r a t e s  are low enough,  recovery  can o c c u r  dur ing  the  i r rad ia t ion  s o  t h a t  no degrada t ion ,  
i n  effect, t a k e s  p l a c e .  

Seve ra l  expe r imen t s  shou ld  b e  performed in t h e  future as “follow-up” to the  effects de- 
s c r i b e d  a b o v e  u s i n g  junc t ion  and/or  s o l a r  ce l l  p roper t ies  as measurement  pa rame te r s .  T h e  re- 
covery  behavior  at  d i f fe ren t  tempera tures ,  after i r r ad ia t ions  at d i f fe ren t  flux l e v e l s  a n d  flux r a t e s ,  
shou ld  b e  s tud ied .  T h e  annea l ing  behavior  shou ld  b e  inves t iga t ed  ove r  a wide r  tempera ture  range. 
T h e  d e p e n d e n c e  of the recovery behavior  on t h e  phosphorus  a n d  oxygen c o n c e n t r a t i o n s  r e l a t ive  
to the  l i thium concen t r a t ion  shou ld  also be s t u d i e d  wi th  t h e  a im of c la r i fy ing  t h e  mechan i sm of 
the  l i th ium in t e rac t ions .  

Many of the  expe r imen t s  s u g g e s t e d  above  have  the i r  pa ra l l e l  i n  E P R  s t u d i e s  a n d  s h o u l d ,  
if p o s s i b l e ,  b e  s o  performed t h a t  a cons i s t en t  p i c tu re  u l t imate ly  emerges .  

In the  s o l a r  cell a r e a ,  w e  c o n s i d e r  that  t h e  most important exper imenta l  approach  is o n e  
tha t  is d i r e c t e d  toward (1) enhanc ing  e v e n  further the  r ad ia t ion - re s i s t ance  due  to l i th ium a l ready  
found,  a n d  (2) a c l a r i f i ca t ion  of the  detailed mechan i sm of the  ro l e  p l ayed  by l i thium. 

A very  important ques t ion  c o n c e r n s  the  long-term re l iab i l i ty  of t h e s e  cells. Any d e v i c e  
con ta in ing  a mobi le  impurity s u c h  as  lithium might  lose t h e  impurity to s u r f a c e s  a n d / o r  c o n t a c t s  
o r  p/n junc t ion  r eg ions .  Fur thermore ,  t h i s  e f fec t  might be  a c c e l e r a t e d  at e l e v a t e d  t empera tu res  at 
which s o m e  s p a c e  v e h i c l e s  opera te .  Therefore,  s h e l f  life and  ope ra t ing  life under  vary ing  condi -  
t i ons  e x c l u s i v e  of pa r t i c l e  rad ia t ion  shou ld  b e  de te rmined .  
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